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ABSTRACT

Results are reported of a three-part program which continued

the investigation of the Li/F2/H 2 tripropellant combination

begun in a previous study (NASA CR-72325). Objectives of the

program were: (I) to investigate the feasibility of a simpli-

fied injection method, (2] to measure thrust chamber heat flux,

and (3) to determine specific impulse efficiency at simulated

altitude conditions. Nominal test conditions were: P = 750
c

psia (5.17 x 106 N/m2), F2/Li mixture ratio = 2.74, H2 = 20

to 35 percent. Experimental firings gave the following re-

sults: (I) a simplified injection method involving the use

of a fuel-rich LE2/GH 2 gas generator is feasible, with corrected

c* efficiency of approximately 98 percent at nominal test con-

ditions, (2) Li/F2/H 2 heat flux is approximately 10 B/in.2/sec

(16 x 106 W/m 2) in the combustion chamber and I£ 7 B/in.2/sec

(27 x 106 W/m 2) at the throat at nominal test conditions, and

(3) measured Li/F2/H 2 specific impulse efficiency with a 60:i

expansion ratio nozz;e is 95 percent at nominal test conditions,

corresponding to a calculated vacuum specific impulse of 509

Ibf/Ibm/sec (4991 N/kg/sec) deliverable by a regeneratively

cooled engine. No lithium system operational problems were

encountered.
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SU_IARY

Realization of the high specific impulse theoretically available from the

lithium-fluorine-hydrogen tripropellant combination depends first upon

the achievement of complete lithium combustion and second upon the attain-

ment of efficient nozzle expansion of the combustion products. A scud),

of the fundamental feasibility of the Li/F2/H 2 combination was begun in

a preceding investigation (NASA CR-72325), in which an injection method

designed to optimize lithium combustion conditions was developed. The

present program continued and extended the previous work, in the areas of

injection method simplification, thrust chamber heat transfer character-

ization, and specific impulse determination with a 60:1 expansion ratio

nozzle at simulated altitude conditions.

A high degree of lithium atomization is a critical requirement for high

c* efficiency with the Li/F2/H 2 tripropellant combination. Gas-augmented

atomization is the most practical and efficient means of obtaining the

small lithium droplets which are required. In the original injection

concept, vitiated fluorine gas produced in a highly oxidizer-rich LF2/GH 2

gas generator is used for this purpose. The bulk of the hydrogen is

added after completion of the fluorine-lithium reaction. Approximately

100-percent c* efficiency was obtained in the previous study with this

injection method, in the thrust chamber configurations sketched below:

5 INCHES
02.7 CM)

Fz (5o.8 c_) (3o.5 cm

F2 168.6 CM)

s INCN,S-----'! r"'?_'"_c.".."1 -- i
02.7 c.) F,_



Study of this injection method was continued in the present program, with

the hydrogen injector moved to 1 inch (2.54 cm) from the lithium injector.

This approximates the injection of all propellants at the same axial 1ocao

tion. The following two configurations were employed, both of which gave

approximately 98-percent c* efficiency:

L i H2

I INCH F2-_22 INCHES-__

(2.5 (55.9 cM)

i INCH

(2.S CH)

The investigation of Li/F2_ 2 combustion efficiency was continued in the

present program with a study of a simplified injection method which elim-

inates the disadvantages of the original thrust chamber concept (need for

two hydrogen injectors and material problems associated with hot fluorine

in the gas generator and extremely high Li/F 2 combustion gas temperature).

In the simplified injection method, a fuel-rich gas generator is used in

which all of the hydrogen is reacted with the fluorine. At nominal con-

ditions (F21Li mixture ratio = 2.74, H2 = 25 percent), the molar propor-

tions are as follows:

8.58 H2 + F2----4"7.58 H2 + 2 HF

The resulting mixture of HF and H 2 is then injected into the main combu._--

tion chamber, where it atomizes and reacts with the liquid lithium:

7.58 H2 + 2 I'F + 2 Li-"-'_8.58 H2 + 2 LiF

This procedure also approximates the injection, of all three propellants

at the same axial location, but under the most adverse conditions, namely,

that the fluorine reacts preferentially with the hydrogen and tim lithium

1
t
[
J



then reacts with the resulting HF. This reduces combustion chamber

temperature from 9800 R (5440 K) to about 4400 R (2440 K). The in-

jection method using the fuel-rich gas generator also gave approximately

98-percent c* efficiency, with chamber lengths as low as 7 inches (17.8 cm).

Nominal test parameters in this program were as follows:

1. Chamber Pressure: 750 psia (5.17 x 106 N/m 2)

2. Thrust: 2000 lbf (8896 N)

5. F2/Li Mixture Ratio: 2.25 to 3.25 (stoichicmetric is 2.74)

4. Hydrogen Proportion: 20 to 55 percent of total propellant

flowra te.

Heat transfer characteristics of the Li/F2/H 2 tripropellant combination

were determined. These could be divided into two regimes, one represent-

ing the combustion chamber and entrance region of the convergent nozzle

and the other representing the remaining expansion section of the nozzle.

The two zones were characterized by qualitative differences in the amount

of condensed material deposited on the walls. In the combustion chamber

and nozzle entrance, the amount of condensate was substantial, while in

the rest of the nozzle it was negligibly small. The condensation and

deposition processes have two opposing effects on heat transfer in the

water-cooled combustion chamber. The first is an enhancement, resulting

from the heat of condensation, and the other is a reduction, caused by

the insulating effect of the deposited coating. The net effect is a

function of firing duration. In the present tests, the enhancement effect

was somewhat greater than the insulating effect. Measured heat fluxes

in the combustion chamber and upstream portion of the convergent nozzle

were higher than the levels predicted by the Bart2 simplified equation.

At near-nominal test conditions (Pc = 700 psia, 4.85 x 105 N/m2;

F2/Li mixture ratio = 2.95; H2 - 25 percent), chamber heat flux was 9.9

B/in.2/sec (16 x 106 W/m2), which is abo_t 2.5 times the Bartz prediction;

a significant portion of this enhsnce_nt, however, is attributable to the

high contraction ratio (11.5) emp!oyed. In the transonic and supersonic



regions of the nozzle, wheee condensation effects were minimal, measured

heat flux values were somewhat less than the Bartz predictions. At the

same test conditions, throat heat flux was 16.7 B/in.2/sec (27 x 106 W/m2),

or about 2/3 the Bartz value. Measured heat flux levels were inversely

proportional to the percentage of hydrogen in the tripropellant combination.

The simulated altitude tests were carried out with a 60:1 expansion ratio

conical nozzle, using an exhaust diffuser to obtain full nozzle flow.

Measured, uncorrected, specific impulse efficiency at nominal Li/F2/H 2

test conditions varied from approximately 92 percent at the 20-percent

hydrogen level to 95 percent at 25- to 35-percent hydrogen. Ibis cor-

responds to delivered, uncorrected, vacuum specific impulse of 486, 506,

and 510 Ibf/ibm/sec (4766, 4962, and 5001N/kg/sec) at nominal 20-, 25-,

and S5-percent hydrogen, respectively, measured with liquid lithium-liquid

fluorine-gaseous hydrogen. Conversion of the measured specific impulse

efficiencies to values of vacuum specific impulse actually deliverable

by a thrust chamber with the geometry tested but cooled regeneratively

with liquid hydrogen gave maximum deliverable vacuum specific impulse of

approximately 509 Ibf/ibm/sec (4991N/kg/sec) at near-nominal test condi-

tions (25-percent hydrogen). The high expansion efficiency, as well as

combustion efficiency, attainable with the Li/F2/H 2 tripropellant com-

bination has thus been demonstrated.

No lithium system operational problems whatever were encountered in the /

course of this program.



INTRODUCTION

The performance potential of the lithium-fluorine-hydrogen tripropellant

combination is among the highest available from chemical propellants.

Typically, theoretical vacuum specific impulse is 540 lbf/lbm/sec (5295

N/kg/sec) at chamber pressure of 750 psia (5.17 x 106 N/m 2) and expansion

ratio of 60. This is substantially higher than that available from any

known bipropellant combination. A comprehensive analytical and experi-

manLal investigation to determine whether this theoretical potential can

he achieved in a practical thrust chamber was begun in an earlier program

(Ref. 1). The present study, which is a continuation and extension of the

previous work, constitutes a progression of effort in furthering the tech-

nology base of the lithium-fluorine-hydrogen tripropellant system.

The primary purpose of the earlier investigation was to determine the basic

feasibility of the Li/F2/H 2 tripropellant combination; that is, to establish

whether the three propellants could be injected and reacted so that thermo-

dynamic equilibrium would be approached in a combustion chamber of reason-

able size. Because the gas phase reactions of fluorine with hydrogen,

fluorine with lithium, and lithium with hydrogen fluoride are more rapid

by several orders of magnitude than the physical process of vaporization,

the critical factor in attainment of the desired equilibria is the degree

to which the lithium is initially atomized. Hence, particular attention

was given to the, establishment of criteria for liquid metal atomization

and to the development of a thrust chamber concept which would not only

produce very small lithium droplets but would also permit the lithium

to react under the most favorable conditions. The resulting system gave

nearly 100-percent c* efficiency, thus demonstrating the fundamental

feasibility of the Li/F2/H 2 tripropellant combination.

With basic performance and operational feasibilities established in the

initial study, the present investigation was directed to the acquisition

of technology pertinent to the eventual design of a practical engine

configuration. The areas considered of immediate importance were the



simplification of the tripropellant injection technique, the determina-
tion of thrust cnamberheat transfer characteristics, and the assessment

of deliverable specific impulse under simulated altitude conditions.

Consequently, this program was divided into the following three tasks:

Task I: Injector Configuration Investigation

Task II: Injector Performance and Heat Flux Determination

Task III: Altitude Performance Tests

TASK I: INJECTION CONFIGURATION INVESTIGATION

To optimize the conditions for complete lithium combustion, the thrust

chamber concept developed in the previous study (Ref. I) consisted of

a two-stage combustion system. In the first stage, the lithium-fluorine

reaction takes place and in the second, the hydrogen is added and mixed

with the Li/P 2 combustion products. The hot, gaseous fluorine required

for atomizing and burning the liquid lithium is produced in an oxidizer-

rich gas generator in which the liquid fluorine is reacted with a very

small fraction of the hydrogen.

Although this system produces essentially complete tripropellant combus-

tion, it has several practical disadvantages. These include material re-

quirements for containment of both the hot, gaseous fluorine in the gas

generator and the 9800 R (5440 K) Li/F 2 reaction products in the com-

bustion chamber as well as the need for two hydrogen injectors (one each

for the gas generator and the mixing chamber). These disadvantages can

be eliminated by use of a fuel-rich gas generator in which all of the

hydrogen, instead of just a small fraction of it, is reacted with the

fluorine. This yields a mixture of HF and H2 to atomize and react with

the lithium, at the relatively low temperature of about 4400 R (2440 K).

This approach also eliminates the need for a separate mixing chamber in

which the bulk of the hydrogen is added.
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The primary objective of Task I of the present program was to carry out

the analyses and designs required for this system simplification and to

determine the combustion characteristics of a system using a fuel-rich

gas generator by experimental firings. The task was initiated with a

continuation of the experimental characterization of the oxidizer-rich

gas generator injection concept. This involved determination of the

effect on c* efficiency of decreasing the length of the LJ/F 2 combustion

chamber to 1 inch (2.54 cm). Use of the short Li/F 2 chamber approximated

the injection of all three propellants at the same axial position and

thus provided information for effecting the desired injection method

simplification.

TASK II: INJECTOR PERFORMANCE AND HEAT FLUX DEFERMINATION

Knowledge of the heat transfer characteristics of the Li/F2/H 2 combina-

tion is an essential prerequisite for the design of practical tripropel-

lant thrust chambers. The primary objective of this task was to exper-

imentally determine thrust chamber heat flux by conducting a series of

test firings employing temperature-instrumented, water-cooled hardware.

Design of suitable water-cooled thrust chamber components was an essen-

tial portion of the task. The injection method using the fuel-rich gas

generator was employed in the Task Ii firings. A secondary, concomitant

objective was the continued confi_,_tion of injector performance by

measurement of c* efficiency.

TASK III: ALTITUDE PERFORMANCE TESTS

High overall engine performance requires both efficient propellant com-

bustion (c* efficiency) and efficient expansion of the combustion products

(C F efficiency). The primary objective of Task III was to determine the

overall performance characteristics of the Li/F2/H 2 tripropellant system

under simulated altitude conditions. The large expansion ratio required

for these tests was obtained by attaching a 60:1 area ratio nozzle ex-

tension to _he water-cooled thrust chamber used in the Task II firings.

A self-starting exhaust diffuser was joined to the nozzle to permit it to



flow full. In addition to furnishing specific impulse performance data,

the altitude simulation firings also provided further c* efficiency and

heat flux data. Measurements of the specific impulse obtained with a

fu11-flowing, 60:1 expansion ratio nozzle permitted reasonable estimates

to be made of the vacuum specific impulse actually deliverable by a

Li/F2/H2 engine of the type tested and cooled regeneratively with liquid

hydrogen.

All three tasks of the program were successfully completed. In addition

to the test data obtained from the experimental Li/F2/H 2 tripropellant

firings, this investigation also provided valuable additional experience

in the operation of a liquid lithium system for rocket engine testing.

Prior to the start of the present program, some modifications were made

to the original lithium system on the basis of the experience gained in

the previous investigation (Ref. I). In the present test series, there

were no lithium system incidents whatever nor were there any test aborts

or failures resulting from malfunction of any lithium system component.

$



DESIGN OF THRUST CHAMBER COMPONENTS

The designs of the thrust chamber components developed in this program

and the analyses on which the designs were based are presented in ti_is

section. The components retained from the earlier Li/F2/H 2 study (oxidizer-

rich gas generator, lithium injector, and uncooled, graphite-lined, chamber

and nozzle sections) have been previously described in detail (Ref. 1).

The thrust chamber concept incorporating the injection method developed

in the previous Li/F2/H 2 study (Ref. 1) includes an oxidizer-rich gas

generator• The simplified concept studied in the present program uses

a fuel-rich gas generator. Both are shown schematically in Fig. 1. The

significant differences between the two injection schemes are as follows:

it

In the oxidizer-rich gas generator injection method, the F2/H 2

mixture ratio in the gas generator is about 500 and the product

gas, which atomizes and reacts with tile liquid lithium, is

essentially fluorine at about 1000 R (550 K).

• In the simplified injection method using the fuel-rich gas

generator, the F2/H 2 mixture ratio in the gas generator is in

the range 1.3 to 3.0 and the product is a mixture of HF and H2

at about 3500 R (1950 X).

Because of these differences, use of the simplified injection method

necessitated design of a fuel-rich gas generator (LF2/GH 2 injector and

combustion chamber) and a lithium injector. The other new thrust chamber

components in the present investigation included water-cooled chamber and

nozzle sections for measurement of heat flux profiles and a 60:1 area

ratio nozzle for determination of altitude performance.

i



I

FUEL-RICH GAS GENERATOR

Desi_m Requirements

Nominal chamber pressure was 500 psia (5.45 x 106 N/m2) in the previous

study (Ref. 1) and 750 psia (5.17 x 106 N/m2) in the present investiga-

tion. Nominal sea level thrust (2000 lbf, 8896 N) remained unchanged.

The desired range of test parameters was covered by a nine-point matrix

of hydrogen percentage and F2/Li mixture ratio, as shown in Fig. 2. The

design point (F2/Li mixture ratio = 2.74, H2 = 25 percent) is indicated

at the center of the matrix. A single nominal F2/Li mixture ratio was

used in Task I, while the entire nine-point range was covered in Tasks

II and III.

Design requirements for the fuel-rich gas generator were predicated on

the use of the same "three-in-one" testing technique employed in the

earlier study (Ref. 1), wherein three discrete hydrogen flowrates at

nearly constant F2/Li mixture ratio are programmed during the course of

a single firing. Each tripropellant test included approximately 9 to 12

seconds of gas generator operation. However, to provide the capability

for longer-duration fir._ngs, the gas generator components were designed

for approximately 20 seconds of operation.

The required ranges of fluorine and hydrogen flowrates corresponding to

the planned variations in percent hydrogen and F2/Li mixture ratio are

sho_ in Fig. 3. The range of nominal fluorine flowrate is 1.89 to 2.68

lb/sec (0.86 to 1.21 kg/sec) and that of nominal hydrogen flowrate is

0.81 to 1.63 lb/sec (0.37 to 0.74 kg/sec). The corresponding ranges of

F2/H 2 mixture ratio (1.28 to 3.01) and theoretical combustion tempera-

ture in the gas generator (2520 to 4630 R, 1400 to 2570 K) are shown

in Fig. 4.
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LF2/GH 2 Injector, Hod I

The substantial hydrogen flowrates in the fuel-rich gas generator permitted

consideration of injection patterns which are known to give high combustion

efficiency with the L!_2/Gll2 combination. These include designs in which

the fluorine atomization is accomplished by gas augmentation or by self-

impingement. Examples of the former are a triplet element,in which two

LF 2 streams impinge within a central, showerhead GH 2 jet, or a gas/liquid

unlike-doubl_t element, in which a single LF 2 stream is directed into a

GIi2 jet. The latter is exemplified by a doublet/showerhead element, con-

sisting of a self-impinging LF2 doublet and two showerhead GH 2 jets en-

veloping the spray which it produces. Both types have been studied in a

number of experimental investigations (e.g., Ref. 2) and requisite design

criteria are well established.

Primary requirements for the LF2/GH 2 injector include adequate fluorine

atomization, uniformity of propellant distribution, suitable injection

pressure drops, and design simplicity. These requirements are fulfilled

by a doublet/showerhead element, which has been found to give approxi-

mately 98-percent c* efficienty with LF2/GH 2 in a comparatively small

chamber (L* = 30 inches, 76.2 cm, Ref. 2). Because the characteristic

length of the gas generator chamber was about 86 inches (218 cm), fluorine

combustion was expected to be essentially complete. An estimate of the

degree of fluorine atomization obtained with the doublet/showerhead ele-

ment sketched in Fig. 5 was made from the following correlation, which

was developed from the original Ingebo equation (Ref. 3) on the basis of

experimental results (Ref. 4):

25t400
D30

2.64 (VL/DL)1/2 + 0.97 C I_,G - vLI
(I)*

*Nomenclature is given in Appendix I.
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The factor C corrects for the differences in physical properties between

the heptane-air combination and environmental pressure used in the original

study (Ref. 3) and the fluorine-hydrogen combustion conditions in the gas

generator. Calculated volume mean fluorine droplet size was approximately

80 microns, indicating satisfactory atomization. This design also permitted

the use of reasonable hydrogen injection velocity (Mach number = 0.4)

and pressure drop (150 psi, 1.03 x 106 N/m 2) at the design point; correspond-

ing values for the fluorine were 115 ft/sec (35 m/see) and 250 psi (1.72 x

106 N/m2). The injection pattern, consisting of 25 such elements within

the S-inch (12.7-cm) chamber diameter, is shown in Fig. 6.

Candidate injector materials were nickel, copper, stainless steel, and

aluminum, all of which have been successfully used with liquid fluorine.

The selection was based on heat transfer considerations. Gas generator

injector face temperatures were calculated as functions of firing duration

from the Bartz equation (Ref. 5), assuming the heat transfer coefficients

at the injector face to be the same as those at the chamber walJ. The in-

jectors were considered to be uncooled metal masses undergoing transient

heating. Results for copper and nickel, which are the better materials,

are shown in Fig. 7. Both metals reach their maximum usable temperatures

in about 14 seconds. Copper was selected as the material of construction

because of greater ease of machining and more rapid establishment of

prerun chill conditions. No special protection was used for the injector

face, because the cooling provided by the flowing propellants would give

an ample safety margin even for a 20-second firing.

Fluorine was supplied to the injector through a stainless-steel dome which

had passages drilled through it for chilling with liquid nitrogen. 1he

customary procedure of cooling an LF2 injector by prerun flow of LN2

through the orifices could not be used in the tripropellant firings be-

cause this would also have chilled the lithium injection tubes, which

were heated by hot helium as a preconditioning procedure for subsequent

lithium injection. Hydrogen was supplied through two inlets brazed to

the injector body which fed a ring manifold within it.

12



LF2/GH 2 Injector, Hod II

The first use of the Mod I LF2/GH 2 injector was in a checkout test of the

fuel-rich gas generator. In this firing, some burning of the central

portion of the injector, behind the face, occurred, probably because of

contamination or hydrogen leakage into the fluorine manifold. To avoid

delaying the program schedule by the time required to fabricate a duplicate

replacement injector, a simplified design was developed (Mod II) which was

not only much less complex than Mod I (requiring less than one-third the

fabrication time) but which also eliminated the need for a separate

fluorine dome.

The Mod II design employed gas-augmented atomization. It incorporated

four unlike-doublet elements, each consisting of a showerhead hydrogen

jet into which a single liquid fluorine stream was injected (Fig. 8).

All four fluorine orifices were fed from a single inlet at the center;

each of the four hydrogen orifices was supplied through a separate in-

dividual port. This basic injection pattern was used in the lithium in-

jector of the earlier study (Kef. I). Total fluorine and hydrogen orifice

areas were the same as in the Hod I design, so that injection velocities

and pressure drops were unchanged.

Estimates of the degree of fluorine atomization and uniformity of propel-

lant distribution were obtained, respectively, by calculating the volume

mean diameter of the fluorine droplets after gas/liquid interaction and

the extent to which the liquid stream penetrated the gas jet. The follow-

ing correlations, developed in Ref. 1, were used for this purpose:

ise o_l/2 j 1/5
(2)

VL cos e [.[-OL-1/2

Xp • 2.5 DL VG
(3)

1:;



The estimated volume _ear. droplet size of the fluorine in this design

was considerably less than that for the Mod I injector over the entire

test matrix, so that the degree of atomization was considered quite ade-

quate. Penetration of the hydrogen jets, shown in Fig. 9, varied as the

test matrix was traversed because of the large changes in hydrogen flow-

rate. At the midpoint of the matrix, the degree of penetration was about

80 percent; the values at the matrix extremes were approximately 45 and

108 percent. These variations did not affect gas generator combustion

efficiency to any substantial extent because the extremely fine degree

of fluorine atomization ensured very rapid fluorine vapori:ation and r_-

action. The indicated, slight "over-penetration" of the hydrogen jets

at the lowest hydrogen flowrates with the higher F2/Li mixture ratios

was more apparent than real, because the calculat'_ns did not include

an allowance for the normal expansion of the gas jet after injection.

The Mod II LF2/GH 2 injector was also fabricated from copper. Liquid ni-

trogen passages cross-drilled through the injector body permitted effective

prerun chilling. A photograph of the injector face is shown in Fig. 10.

This injector was successfully used for the duration of the experimental

program (total firing time approximately 175 seconds).

Combustion Chamber

Because of its strength at high temperatures, compatibility with fluorinated

materials, and ease of machining, graphite was the material of _hoice

for the uncooled combustion chamber of the fuel-rich gas generator. Cal-

culations were made of the temperatures at the outer surfaces of graphite

cylinders of varying thickness as functions of time, under typical gas

generator operating conditions, by the method of Ref. 6. The results,

shown in Fig. 11, indicated that a 1-inch (2°$4 cm) graphite liner in a

stainless-steel shell would be adequate for the present application. A

layer of insulating material between the graphite and the steel provided

further assurance of nonexcessive steel temperatures.

14



With the LF2/GH 2 injector used in the oxidizer-rich gas generator (Ref. 1),

which operated at a mixture ratio of 500, only nine 0.013S-inch (0.343-mm)

showerhead GH2 jets were injected into a dense, radially directed, LF 2

spray. This resulted in initially nonuniform combustion gas. Consequently,

one or two mixing plates were incorporated into the combustion chamber to

improve the uniformity of the product gas at the chamber exit. The injectors

designed for the fuel-rich gas generator, however, provided a much greater

degree of initial cross-sectional uniformity, so that mechanical mixing

was not required.

The gas generator combustion chamber was i0 inches (25.4 cm) long, with

an internal diameter of 5 inches (12.7 cm). It consisted of an ATJ

graphite liner within a stainless-steel shell. The shell length was ex-

tended sufficiently beyond the graphite liner to permit inclusion of the

lithium injector (described below) at the chamber exit. A 0.125-inch

(5.18-mm) asbestos mat, saturated with epoxy resin, was wrapped around

the graphite liner prior to insertion into the shell, to anchor the liner,

act as insulator, and absorb radial expansion. Longitudinal expansion

was absorbed by a 0.25-inch (0.64-cm) porous carbon washer at the chamber

inlet. A photograph of the fuel-rich gas generator combustion chamber,

with the graphite liner and carbon washer in place, is shown in Fig. 12.

There was only minor erosion of the graphite liner during each firing

and several tests could usually be made with the same one, although, in

some cases, small longitudinal cracks were present in the graphite liner

following a test. However, after introduction of the Hod II lithium in-

jector (see below), the liner was replaced after each test, along with

the lithium injector to which it was integrally bonded.

L ITH Ibm4 INJ _CTOR

Design Requirements

The essential requirements for efficient lithium combustion are high de-

grees of liquid lithium atomization and uniformity of propellant distribution.
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These factors are discussed in detail in Ref. 1 with regard to the Li/F 2

reaction. They are equally valid for the Li/(HF + H2) reaction which

characterizes the fuel-rich gas generator injection concept. It was ex-

pected that smaller lithium droplet sizes might be required for Li/(HF +

H2) than for Li/F 2 to achieve comparable combustion efficiency, for two

reasons. First, the reaction temperature of Li/(HF + H2) is 3700 to

5000 R (2050 to 2780 K), depending on the proportion of hydrogen, compared

to about 9800 R (5440 K) for the Li/F 2 reaction; this would decrease the

lithium vaporization rate. Second, the presence of diluent hydrogen in

the Li/(HF + H2) reaction mixture adversely affects the rate of diffusion

of RF to the flame zone around a lithium droplet.

Efficient lithium combustion can be obtained only when the droplets burn

by the so-called "small drop" mechanism (Ref. 1), by which the LiF first

forms a porous layer around the lithium droplet through which the HF

diffuses inwards and the product H2 diffuses outwards as the reaction

proceeds. When the droplet temperature reaches the melting point of LiF

(2060 R, 1140 K), the latter melts and the reaction continues by HF dif-

fusion through the thin liquid layer. As the droplet temperature increases

and as it is accelerated in the combustion gas stream, the LiF evaporates.

Finally, when the droplet temperature reaches the boiling point of lithium

(about 4600 R, 2550 K, at combustion chamber pressure), rapid, vaporiza-

tion rate-controlled conbustion begins. This may be considered as the

lithium "ignition point".

Heat balance calculations were made for a lithium droplet burning at its

surface in a fixed-composition mixture of _ and H 2 prior to lithium

vaporization. The results indicated that for any size droplet being heated

by the Li/HF reaction, a constant fraction of the droplet mass must be

converted to LiF to heat the droplet to a given temperature (such as the

lithium boiling point). Hence, the nominal thickness of the LiF layer

around a lithium droplet when it reaches the lithium boiling point (ex-

cluding any LiF which may have evaporated) is directly proportional to

the droplet diameter. Lithium droplet ignition, or initiatiml of
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vaporization rate-limited combustion, in a mixture of HF and H2 r_quires

about half the LiF layer thickness as in an F 2 atmosphere. Consequently,

the required lithium droplet size for the (HF + H2) reaction was expected

to be on the order of half of that for the F2 reaction. This atomization

criterion was used in the lithium injector design.

The volume mean lithium droplet diameters calculated from Bq. 2 for the

oxidizer-rich gas generator injection concept were about 10 to 11 microns.

Hence, the design objective for the size of the lithium droplets required

for the fuel-rich gas generator concept was about 5 to 6 microns.

The degree of distribution uniformity resulting from the interaction of

a single liquid stream with a single gas jet is a function of the extent

to which the liquid penetrates the jet. Theoretically, the penetration

distance should be equal to the jet diameter at the point of intersection.

Practically, cold-flow tests have indicated that maximum distribution uni-

formity £s obtained when the penetration distance calculated from Bq. 3

is approximately 80 percent o£ the gas orifice diameter.

Injector Des £gn

For design purposes, propellant flowrates over the test matrix (Fig. 2)

were based on two restraints:

I. Use o£ an existing nozzle, fabricated in the previous study

(Reg. 1), for the Task I experimental firings (throat diameter =

1.475 inch, 3.747 cm).

2. Maximum lithium system pressurization level of I000 psi (6.89 x

106 N/m2).

Nominal chamber pressure and lithium £1owrate variations are shown in

Fig. 15, corresponding to the fluorine and hydrogen £1owrates in Fig. 3.

Design po£nt chamber pressure was 690 pain (4.76 x I06 N/m2); the range

over the test matrix was 615 to 765 psia (4.24 x 106 to 5.27 x 106 N/m2).
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Lithium flowrate at the design point was 0.86 Ib/sec (0.59 kg/sec),

with a range of 0.70 to 0.98 Ib/sec (0.52 to 0.44 kg/sec).

The desired degrees of lithium atomization and gas jet penetration cannot

be simultaneously obtained by use of a simple doublet pattern for the

lithium injector, as in the oxidizer-rich gas generator method (Ref. I),

because of the large quantities of gas which must be accommodated in the

fuel-rich gas generator design. For this reason, a biplanar injection

scheme was employed, wherein a single lithium stream was injected into a

single showerhead gas jet, followed by the impingement of four additional

gas jets into the reacting central stream downstream of the lithium/gas

impingement point. The central gas jet was sized to give the proper

lithium droplet volume mean diameter and gas jet penetration, on the con-

servative assumption that the auxiliary gas jets would not contribute to

lithium atomization. Gas injection Mach number was about 0.5 over the

entire range of test parameters, volume mean lithium droplet diameter was

about 5 to 6 microns, and penetration of the central gas jet by the lithium

stream was 76 to 87 percent. These three parameters remain essentially

constant over the test matrix, as shown in Fig. 14. This desirable result

reflects the self-adjustment of the fluorine and lithium flowrates to

changing hydrogen flowrate during a firing at constant F2/Li mixture ratio.

Lithium Injector, Hod I

The basic lithium injector design consisted of an eight-element pattern

in a graphite core, with lithium delivered through stainless-steel tubes

from an external manifold. Four mater gas jets were added to the pre-

viously used gas/liquid doublet (Ref. 1) to form the injector pattern

(Fig. 15 and 16). The injector shell was integral with that of the gas

generator chamber, with the lithium injector core positioned against

the graphite chamber liner. The advantages of this method of assembly

over the use of a completely separate lithium injector unit were the

elimination of one sealed interface in the system and substantially

lower cost of fabrication.



As in the original lithium injector, liquid lithium was injected through

stainless-steel tubes, one to each element, from an external ring manifold.

However, instead of welding the tubes to the shell, as before, swaged

connectors were used. This allowed the graphite injector core and the

lithium inlet tubes to be changed without difficulty.

A schematic of the thrust chamber assembly with the fuel-rich gas generator

is shown in Fig. 17.

Lithium Injector, Mod II

The drilled passages for the lithium tubes in the Mod I injector entered

the graphite core at the interface between the injector body and the

graphite liner of the gas generator chamber. This injector was used in

the first three firings employing the fuel-rich gas generator. In each

of these tests, there was some local gas leakage between the gas generator

chamber liner and the lithium injector core, with the gas then flowing

around the lithium tubes into the main combustion chamber. This resulted

in minor erosion of the gas generator shell where it contacted the hot

gas. To eliminate this leakage, the lithium injector thickness was in-

creased from 1.52 inch (3.86 cm) to 5.00 inch (7.62 cm). This had the

effect of moving the lithium tube passages away from the interface be-

tween the injector and the graphite liner (Fig. 18). In addition, the

method of assembly was improved by first bonding the liner to the injector

with epoxy resin, then wrapping the entire unit with asbestos cloth sat-

urated with epoxy resin prior to insertion into the shell.

In firings made with the Mod II injector, erosion of the steel shell

around the lithium inlet tubes was completely eliminated, indicating

that moving the tube passages away from the liner-injector interface had

solved the leakage problem.
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_ector, Mod III

Tests with both the Hod I and Mod II injectors resulted in some erosion

of the graphite face around the injection elements, accompanied by the

burning away of most of the length of the lithium inlet tube orifices.

To reduce this erosion, the distance between the injector face and the

point of impingement of the lithium stream with the central gas jet was

increased from 0.257 inch (0.60 cm) to 0.562 inch (1.45 cm) by recessing

the injector face 0.525 inch (0.85 cm) as indicated in Fig. 18. With this

model, localized graphite face erosion around the injection elements was

substantially reduced from that experienced with Mod I and Mod II injectors.

Correspondingly, less of the orifice tips of the lithium injection tubes

was burned away.

_ector, Mod IV

To determine the effect on combustion efficiency of increasing the size

of the lithium droplets, the gas injection area of the lithium injector

was doubled, thus decreasing the gas injection Mach number from 0.5 _o

0.25. The central gas orifice was sized to retain the same degree of

penetration by the liquid stream (_80 percent) as in the preceding in-

jectors. The resulting gas orifice sizes were 0.221 inch (5.61 mm) at

the center and 0.523 inch (8.20 mm) for the four outer orifice (Fig. 15).

The estimated volume mean lithium droplet diameter resulting from the

reduction of gas injection velocity was approximately 15 microns, or

about three times that originally obtained.

Lithium In_ectionTube Modifications

The lithium injection tube design used in all the firings except the last

two was the same as in the earlier study (Ref. 1), except for orifice

size. It consisted of a 3/16 by 0.020 inch (4.76 by 0.51 mm) tube to

which an orifice tip 0.43 inches (1.09 cm) long with a contoured orifice

0.0625 inch (1.59 nm) in diameter was welded. _oth tube and orifice tip
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were type 321 stainless steel. Although the recessed face of the Mod III

injector resulted in less erosion of the orifice tips than in the non-

recessed models, a significant amount of erosion remained. Posttest

orifice lengths ranged from 0.0 to 0.3 inch (0.0 to 7.6 ram). This was

accompanied by minor erosion of the graphite injector body between the

lithium tube orifice and the central gas orifice of each injection ele-

ment. To investigate possible methods of minimizing the erosion of the

lithium injection tube orifice tips, a number of variations of orifice

material and length were made in the next-to-last firing (Run No. 69-9).

The results are summarized in Table I. It was found that while stainless

steel and nickel orifices were substantially eroded, a tantalum orifice

was not visibly affected. Consequently, tantalum orifice tips were used

on all eight lithium injection tubes in Run No. 69-10, which was the final

test firing. None of these tips was discernibly eroded. The demonstrated

durability of tantalum in this application will be of significance in

future designs of lithium injectors and co_ustion chambers.

WATER-COOLED COMBUSTION CHAMBER

Design Requirements

The water-cooled combustion chamber was designed prior to the completion

of the Task I test firings which determined the feasibility of the fuel-

rich gas generator injection concept. It was therefore not known which

injection method would be used for the heat flux determinations. Con-

sequently, a basic design requirement for the water-cooled chamber was

compatibility with either the oxidizer- or fuel-rich gas generator in-

jection concept. Other requirements were provisions for measurement of

axial and circumferential heat flux profiles and capability for 30 seconds

of steady-state firing duration. The design approach taken was to estimate

the cooling requirements for each of the injection methods and to specify

a segmented chamber, to provide for the various possible heat flux regimes

by the use of only two types of chamber segments.

21



Chamber Heat Flux

Three heat transfer regimes identified with the oxidizer- and fuel-rich

gas generator injection methods were defined for the water-cooled chamber.

These were:

I. The Li/F 2 combustion chamber associated with the oxidizer-rich

gas generator injection scheme.

2. The first 4 inches of the combustion chamber associated with

the fuel-rich gas generator injection scheme.

3. The mixing chamber following hydrogen injection in the oxidizer-

rich gas generator injection scheme or the main portion of the

combustion chamber in the fuel-rich gas generator injection scheme.

Heat transfer coefficients and heat fluxes were estimated for each of these

zones. It was found that in any one of the three zones only minor varia-

tions in heat flux would be expected over the planned parametric variations

in test conditions, because of the mutually compensating effects of changes

in mass flowrate, pressure, and temperature. Consequently, each of the

zones could be characterized by a single value of expected heat flux.

For Zone I, in which radiation is the dominant mode of heat transfer, heat

flux was calculated in Ref. I as approximately 26 B/in.21sec (42.5 x 106

W/m2); indirect experimental evidence indicated a value o£ about 29 Blin.21

sec (47.4 x 106 W/m2). For design purposes, maximum Zone I heat flux was

taken as 40 B/in.2/sec (65.4 x 106 W/m2).

Heat flux levels in Zones 2 and 3 were calculated from both the Bartz

(Ref. 5) and Dittus-Boelter (Ref. 7) equations. The Bartz equation, al-

though originally developed for nozzle heat trans£er calculations, is ex-

tensively employed for estimation of combustion chamber heat flux:
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The Dittus-Boelter equation is the most widely used) steady-state) con=

vective turbulent flow heat transfer correlation:

Nu : 0.023 Re0'8 Pr0"4 (5)

Because this equation is applicable only to fully developed momentum and

thermal boundary layers, corrections must be applied for heat tran3fer

augmentation in the intake region, where the boundary layers are not

fully developed. For Zone 2, which will be located at the chamber entrance,

a conservative correction factor of four was used, based on the data of

Ref. 8.

For Zone 2, heat flux calculated from the Bartz equation was about 7 B/in.2/

sec (11.4 x 106 W/m2), while that calculated from the Dittus-Boelter equa-

tion was about 9 B/in.2/sec (14.7 x 106 W/m2). Allowing a factor of two

for the customary uncertainties in these heat transfer estimates and for

the minor contribution resulting from radiation, this would permit an ad=

ditional "safety factor" of about two for the maximum design heat flux

of 40 B/in.2/sec (65.4 x 106 N/m 2) used for Zone !. A chamber segment

designed to accommodate heat flux of this magnitude would therefore be

adequate for both Zones 1 and 2.

An approximate measurement of the heat flux in Zone 3 at nominal 500-

psia (3.45 x 106 N/m 2) chamber pressure (Ref. 1) indicated a value of

about 2 B/in.2/sec (5.3 x 106 W/m2), which is in fairly good agreement

with the Bartz and Dittus-Boelter estimates. On this basis, and with the

customary allowances, design heat flux for Zone 3 was taken as 10 B/in.2/sec

(16.3 x 106 W/m2). The safety margins included in the design calculations

were considered sufficient to compensate for possible enhancement of heat

flux caused by condensation of Li and LiF on the walls of the cooled com-

bustion chamber.
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Chamber Desi__n

To calculate the coolant passage sizes and coolant velocity requirements

for the water-cooled combustion chamber segments, the Gambill correlation

for forced convection subcooled boiling (Ref. 9) was used. This correla-

tion gives burnout heat flux as a function of coolant inlet temperature,

velocity, and degree of subcooling:

k L
0.005 _- (Re) 0"95 (l>c) 0"4 (Tw-Tb) (6)

Coolant heat of vaporization, liquid and vapor density, and saturation

temperature are determined at the static pressure in the flow channel;

surface tension is evaluated at the saturation temperature; specific heat,

conductivity, viscosity, and Prandtl number are evaluated at the liquid

bulk temperature. Wall temperature was assumed to be 30 F (17 K) above

saturation temperature. Equation 6 is a superposition in which the first

term represents the boiling contribution to burnout heat flux in the ab-

sence of forced convection and the second term represents the forced con-

vection contribution in the absence of boiling.

To make the calculations, a computer program was written in which the

input variables were coolant passage diameter, coolant velocity, and de-

gree of subcooling; the output was the burnout heat flux, with the boil-

ing and forced convection components separately listed. A series of

calculations was made with water as coolant and with parametric variations

of passage di_cer, velocity, and degree of subcooling. Typical results

are shown in Fig. 19, for the case of water at 100 F (311 K) in a 0.125-

inch (3.18-mm) passage. Maximum allocable heat flux (i.e., cooling cap-

ability) increases significantly C30 to 60 percent) with increasing inlet

bulk temperature (70 to 160 F, 294 to 344 K) at constant water velocity

and degree of subcooling. This arises primarily because of the increas_i
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forced convection contribution, due to the inverse variation of liquid

viscosity with temperature. Consequently, the maximum heat flux which can

be accommcdated by water may be significantly raised by increasing the

inlet bulk temperature over the ranges of temperature (70 to 160 F, 294

to 544 K) and pressure (200 to 1000 psi, 1.38 x 106 to 6.89 x 106 N/m 2)

considered. The calculations also indicated that coolant velocity is

the most significant factor in establishing total heat flux capability

while coolant passage dimension is not a major parameter. The subcooled

boiling contribution is limited to 3 to 5 B/in.2/sec (4.9 x 106 to 8.2 x

106 W/m2) in the ranges investigated. The convective contribution is of

this order of magnitude only at the lowest coolant velocity considered

(40 ft/sec, 12.2 m/sec) and is generally substantially greater.

Burnout heat flux levels could be used for estimation of the coolant re-

quirements because of the ample safety margins included in the calculation

of design heat flux values. Accommodation to actual heat flux in the test

firings was made by suitable adjustments of water velocity through the

coolant passages.

Two water-cooJed combustion chamber segments were designed: a 4-inch

(lO.16-cm) section for Zone 1 or 2 and a 9-inch (22.86-cm) section for

Zone 3. The 4-inch (lO.16-cm), high heat flux section consisted essen-

tially of a copper liner within a stainless-steel shell. The coolant

passages, ninety 0.12 by 0.08 inch (5.0 by 1.9 m) axial slots, were

machined around the outer circumference of the liner and fiUed with wax;

a layer of copper was then plated over the outer surface and the filler

material was removed. Stainless-steel inlet and outlet rings were brazed

to the liner and its machining was then completed. The stainless-steel

shell was welded to two manifold rings which provided thernK_ile ports

and water inlet and outlet tubes. Four thermopiles each were located

on the inlet and outlet sides. Each pair was placed at a particular

point on the chmber circumference relative to the orientation of the

lithium injector elements; one at the center of an element, one midway

bet_en neighboring elemnts, and two at intemediate points. Further,

each pair of thermopiles was inserted into a single coolant passage, to

i
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permit definition of the circumferential heat flux profile over the

segment length. The copper liner was press-fit into the shell, with a

stainless-steel filler block between the two to provide structural support

in the region which was machined out to permit proper brazing of the liner

components. A seal plate was provided for the water manifold O-ring seals.

The components of the high heat flux chamber segment are shown in Fig. 20

and the assembled unit is shown in Fig. 21.

The 9-inch (22.86-cm), low heat flux secLion also consisted of a copper

liner within a steel shell. Its design, however, was simpler than that

of the high heat flux segment. The cooling passages consisted of 16

axial slots (0.750 by 0.113 inches, 19.1 by 2.9 mm) machined around the

periphery of the copper liner. The shell was a 1015-steel spool to which

flanges containing the water manifolds and inlet and outlet tubes were

welded. The casing was cadmium-plated to prevent rusting. The relatively

low heat load allowed the use of mild steel in place of stainless for the

shell. The liner was press-fit into the casing, with O-ring seals at

each water manifold. A photograph of the liner and shell is shown in

Fig. 22.

Although the low heat flux chamber section was fabricated, it was not used

in any of the Li/F2/H 2 tests, because the first firings of Task II showed

that heat flux levels in a water-cooled chamber section were significantly

higher than the design value of the low heat flux segment. Consequently,

only the 4-inch (10.16-cm), high heat flux section was used in the test

firings of Tasks II and Ill.

WATER-COOLED NOZZLE

ConfiBuration

The water-cooled nozzle section configuration was patterned after the un-

cooled nozzles used in the previous study (Reg. 1) and in Task I of the

present program. The IS-degree conical contour was retained, as well as

the 1S-degree angle of convergence, 1.475-Lnch (3.7S-cm) thzoat dimmter,
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a_ 4.0-inch (10.16-cm) throat radius of curvature. The exit diameter

(2.56 inch 6.47 cm) corresponded to an expansion ratio of three. This

expansion ratio was established by the initial area ratio of the uncooled

nozzle skirt which was to be attached to the cooled nozzle segment, as

discussed below.

Cooling Requirements

Heat flux at the throat was estimated from the Bartz equation (Ref. 5)

as about 25 B/in.2/sec (40.9 x 106 W/m2) at the maximum hydrogen flowrate.

For design purposes, a value of 55 B/in.2/sec (57.2 x 106 W/m 2) was used.

The Gambill correlation (Eq. 6) indicated that water velocity of about

140 ft/sec (42.7 m/sec) would be required for forced convection subcooled

boiling under these conditions. With gas side wall temperature of 900 F

(750 K) and coolant side wall temperature about 50 F (17 K) higher than

water saturation temperature, coolant water bulk temperature rise would

be about 20 F (11 K).

The basic design of the water-cooled nozzle section consisted of a copper

core with circumferential coolant passages machined around its outer surface,

over which a layer of nickel was plated. The circumferential coolant passages

permitted measurement of axial, but not circumferential, heat flux variations.

It was decided to forego the latter because (i) circumferential variations

of heat flux in the nozzle are generally small, frequently within the limits

of error of the measurements, (2) use of circumferential coolant passages

permitted the critical heat flux measurements to be made, which are those

at a number of axial points, particularly in the throat region, and (3)

substantial design, fabrication, and operational complexities would have

been introduced by inclusion of circumferential heat flux measurement

capability in the nozzle region.

The copper core of the water-cooled nozzle section had 42 coolant passages

(0.155 by 0.074 inch, 5.94 by 1.88 mm) machined around its periphery.
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Exterior walls were formed on this matrix by filling the grooves with

rigid, non-metallic material, then plating the outside of the unit with

nickel to a nominal finished thickness of 0.22 inch (5.6 ram). Following

completion of this electroforming process, the filler was removed. Cool-

ant entries and exits were provided by milling two slots into each passage

and spotfacing the slots in groups. Water inlet and outlet tubes were

welded at the spotfaces. Flanges were provided at each end of the water-

cooled nozzle segment for joining it to the water-cooled chamber and to

the nozzle skirt. A photograph of the segment is shown in Fig. 23; the

entrance flange and interior contour are shown in Fig. 24.

NOZZLE SKIRT

The uncooled nozzle skirt, extending to area ratio 60, was designed for

attachmen* to the water-cooled nozzle section. The design required de-

termination of the initial area ratio (i.e., the exit area ratio of the

water-cooled segment) and of the contour.

Determination of Initial Expansion Ratio

The initial expansion ratio depended upon the wall material and the test

conditions. The thermal response of the inner surface of an uncooled

nozzle was estimated for co_per and graphite by use o£ standard transient

temperature charts (Ref. 10), with heat transfer coefficients calculated

from the Bartz equation (Ref. 5). Test conditions were those at maximum

heat flux (Pc = 750 psia, 5.17 x 106 N/m 2, H2 • 55 percent); variables

were wall thickness and firing duration. Two models were assumed for

these calculations: a flat plate and a cylindrical shell. The former

is the more conservative (i.e., it predicts higher wall temperatures for

a given set of test conditions). Results of these estimates are summarized

in Fig. 25 (graphite) and Fig. 26 (copper), which show inner surface tem-

peratures as ftmctions of nozzle expansion ratio, at various combinations

of firing time and wall thickness. Typical differences between the flat

plate and cylindrical shell models are also illustrated.
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For design purposes, the test duration for the uncooled nozzle skirt

was taken as that of the altitude simulation firinss (6 seconds). Assuming

maximum operating temperatures of graphite and copper to be 3200 F (2030 K)

and 1500 F (1100 K), respectively, it is apparent from Fig. 25 and Fig. 26

that copper imposes a slightly lowe_ limit on firing time than graphite.

On the basis of these calculations, an initial expansion ratio of three

was selected for the nozzle skirt.

Determination o'f Nozzle Contour

)

An optimized nozzle contour for two-phase flow is one in which the thrust

coefficient is maximized on the basis of nozzle aerodynamics, chemical

kinetics, condensation and agglomeration rates, and drag losses, including

the effects of wall friction and of particle thermal and velocity lags.

At present, it is not possible to design directly an optimum nozzle contour

by simultaneous inclusion of all these factors in the analysis, together

with appropriate coupling effects. A number of approximate treatments

have been described (for example, Ref. II through 16). These are not only

idealized, but necessarily introduce additional uncertainties by requiring

estimates to be made of imperfectly known fundamental input data (particle

sizes or size distributions, particle drag and heat transfer coefficients,

chemical reaction rates, etc.). Typical results of calculations made by

these methods indicate that impulse losses resulting from particle lag

increase with particle diameter, that particles of less than about 2

microns diameter generally follow gas velocity and temperature quite

closely, that most of the nonrecoverable losses associated with two-phase

flow are incurred in the high-acceleration transonic region, and that the

difference between the particle lag losses in a conventional nozzle and

in an optimized contour is small (Re£. 17 and 18). Hence, contm_ing a

nozzle to improve gas-particle flow per£ormance can result in only very

modest gains, so that design and fabrication of a complex contour are

usually not warranted.

[

A nozzle contour optimized for two-phase flow would be unique to a specific

application, because the optimization is critically dependent upon the
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weight fraction and size distribution of the particles in the mixture

as well as on the gas properties. Moreover, none of the available analyses

accounts for interphase mass transfer during the expansion process. This

assumption of no interphase mass transfer would be valid if there were no

significant increase in particle weight fraction between the chamber and

the nozzle exit, or, to a lesser extent, if all the condensation occurred

well downstream of the sonic region and the particle sizes were small.

For the Li/F2/H 2 tripropellant combination, the weight percent of con-

densed material in the combustion products varies widely with percent

•hydrogen and F2/Li mixture ratio over the test matrix (Ref. 1). In addi-

tion, most of the condensation occurs in the nozzle, accompanied by solid-

ification of liquid LiF at high percentages of hydrogen and by the appearance

of unreacted liquid lithium at F2/Li mixture ratios below stoichiometric.

Because of these variations in the two-phase flow conditions, and particu-

larly because of the variations in the weight percent of condensed material

at the throat (which changes from 0 to about 50-percent over the test matrix),

a nozzle contour optimized for mid-matrix flow conditions would exhibit

significant departures from optimum at the matrix extremes.

Under these conditions, and with present knowledge of the expansion charac-

teristics of the LJ/F2/H 2 combustion products, a simple conical nozzle,

for which the aerodynamic properties are well known and which does not

require elaborate design and fabrication, was the contour of choice. An-

other consideration favoring this selection was the fact that a 15-degree

cone had been used for the initial expansion section inmediately downstream

of the nozzle throat in the preceding study (Ref. I) and in Task I of the

present program. The high values of both c* and Is obtained with these

conical low-area ratio nozzles, even at the highest particle-loading con-

ditions, indicated that for this propellant combination the losses caused

by particle velocity and thermal lags are probably quite small. For these

reasons, a IS-degree conical contour was used.

The nozzle skirt was divided into two sections at area ratio 10, primarily

to permit redundant nozzle pressure measurements to be made in the sea-

level firings which would increase the reliability of the thrust data in



the altitude simulation tests. The section from area ratio 3 to area

ratio 10 was attached to the water-cooled nozzle in the Task II sea-

level tests to determine the thrust contribution of this nozzle segment.

This permitted normalization of the corresponding data in the altitude

simulation tests (Appendix C).

Thermal Anal[sis

The nozzle skirt consisted of a thick-walled copper section extending from

area ratio 3 to area ratio 10 and a mild-steel section from area ratio

10 to area ratio 60.

A two-dimensional thermal analysis was carried out on the nozzle skirt,

using a boundary layer solution for estimating local heat transfer co-

efficients. The heat transfer coefficients provided by this solution

were then programmed into a 244-node thermal network for computer solution.

Ten regions were developed to simulate the actual assembly of nozzle sec-

tions, junctions, and flanges. With good contact of mating surfaces, the

maximum gas side wall temperature after 6 seconds of operation at 750

psia (5.17 x 106 N/m 2) chamber pressure was estimated as 1220 F (930 K).

This maximum wouldoccur at the steel flange slightly downstream of the

area ratio 10 attach point. Maximum gas side temperature on the copper

wall section would be about 1080 F (850 K) at a point slightly downstream

of the junction at area ratio 3. If there were poor contact between the

water-cooled nozzle segment and the uncooled copper section, the location

of the maximum wall temperature would shift to this junction and would

reach about 1230 F(940 K). Maximum back side wall temperature after a

6-second firing at 750 psia (5.17 x 106 N/m 2) chamber pressure would be

approximately 140 F (330 K) and 720 F (650 K) on the copper and steel

nozzle sections, respectively. With wall temperatures of 1000 F (810 K),

calculated heat flux values at area ratios of 3, I0, and 60 were approx-

imately 7, 2, and 0.3 Blin.2/sec (11.4 x 106 , 3.3 x 106 , and 0.5 x 106

W/m2), respectively.

,..-%.
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These data indicated that the uncooled copper skirt would be satisfactory

for attachment to the water-cooled nozzle in the sea-level firings as

well as in the altitude simulation tests.

Fab ricat ion

I

The nozzle skirt segment from area ratio 5 to area ratio I0 was machined

from an OFHC copper billet. The segment from area ratio 10 to area ratio

60 was made from a 0.37-inch (9.4-ram) 1020-steel sheet, which was rolled,

welded, and machined to size. An entrance flange was provided for joining

to the copper skirt segment. The exit flange was welded to the nozzle

body at about area ratio 55 instead of at the nozzle exit, primarily be-

cause of the off-the-shelf availability of the proper size stainless-

steel bellows which joined the nozzle to the diffuser.
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EXPERIMENTAL FACILITIES AND PROCEDURES

The experimental firings of this program were carried out in the Pro-

pulsion Research Area of the Santa Susana Field Laboratory, on the test

stand used in the previous study (Ref. 1).

PROPELLANT SYSTB_IS

Lithium

The liquid lithium facility designed, installed, and operated in the

earlier program (Ref. i) was modified prior to the start of the present

test series to simplify its operation and to eliminate several minor

problems. The major components of the modified system, which is shown

schematicall Z in Fig. 27, are described below.

rank. The original lithium tank was a 48-inch (122-cm) length of 6-inch

(15.2-cm), schedule 80, 304 stainless-steel pipe with weided, ring-sealed,

flanged ends, mounted on a portable skid. This was replaced by a tank

consisting of a 72-inch (183-cm) length of the same pipe, with a flanged

end at the top and a hemispherical cap at the bottom. The tank, ASME

coded for 1300 psi at 600 F (8.95 x 106 N/m 2 at 590 K), was mounted

vertically on permanent supports anchored to the test pit roof. The in-

creased tank capacity permitted a larger number of firings to be made

between fillings.

Valves. The type of lithium main valve* previously used (Ref. I) was

retained. This was a special, 1-inch (2.54-cm), bellows-sealed, stainless-

steel globe valve with integral valve seat, rated at I000 psi at 500 F

(6.89 x 106 N/m 2 at 530 K). Other system valves were conventional Annin

globe valves.

Flow Line. The length of the 1-inch (2.54-cm) delivery line (schedule

10, welded joint, 304 stainless-steel pipe) between the lithium tank

*Manufactured by thin. Powell Co., Cincinnati, Ohio 45214
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and the main valve was decreased from about 18 feet (5.49 m) in the

earlier system to about 6 feet (1,85 m). The in-line, stainless-steel,

screen filter (O.018-inch, 0.46-mm, mesh) previously used was retained

in the flow line downstream of the purge line connection point.

Burst Diaphragm. A stainless-steel burst diaphragm, rated at 300 psi

at 600 F (2.07 x 106 N/m 2 at 590 K) and replaceable after each firing,

was installed downstream of the main valve. This allowed the valve to

be exercised and checked immediately before each test, prior to tank

pressurization. In the event of valve leakage, tile diaphragm would also

have prevented inadvertent entrainment and potential solidification of

liquid lithium during pretest flow of helium purge gas.

Flowmeter. The magnetic flowmeter (MSA Model FM-4) previously used was

retained. It consists essentially of a l-inch (2.54-cm), schedule 10,

504 stainless-steel pipe mounted within a permanent, 890-gauss magnet.

Flow of lithi_ through the line generates a d-c voZtage whose magnitude

is directly proportional to the flowrate.

Purge Gas S_stem. The helium purge gas heater consisted of a 48-inch

(122-cm) length of 2-inch (5.08-cm), schedule 40, stainless-steel pipe

filled with 0.25-inch-diameter (6.55-mm) steel balls. When initially

heated to 800 P (700 K), it supplied helium at 500 F (550 K) minimum for

at least 20 seconds at nominal flowrates. A turbine flowmeter between

the heater and the purge gas valve was used as a flow indicator. Two

stainless-steel ball check valves with Inconel tension springs were

positioned between the purge gas heater and the lithium delivery line.

Helium Purification S[st?m. To avoid introduction of significant amounts

of impurities (such as water, air, or particulate matter) into the lithium

system with the pressurant gas, a dryer (artifical Zeolite molecular sieve),

a de-oxygenator (copper turnings at 500 F, 530 K) and a lO-micron filter

were included in the helium supply line.



Heating System. The lithium system was heated by external electrical re-

sistance heaters. Radiant-type heaters were used for the tank (Lindberg

"Hevi-Duty," Model 40751) and for the purge gas heater (Lindberg Model

50352). The lithium £1ow lines and the purge gas line were heated by

tubular heaters (Calrod Model 5DI2G2). Tne main valve was placed in a

container filled with copper shot in which cartridge heaters (Calrod

Hodet 7C846AI01) were imbedded.

For control purposes, the heater electrical supply was divided into three

ll0-vo!t and three 220-volt sources, the former for the tank heaters and

the latter for the rest of the system. The power from each source was

independently varied by means of manually controlled transformers. Auto-

matic temperature controls were used for the magnetic flowmeter (Foxboro

"Rotax" controller) and the lithium main valve (Wheelco Controller).

The lithium tank and the purge gas heater were insulated with 1 inch (2.54

cm) of high-temperature insulation (Technit '_hermoshield") covered by

1 inch (2.54 cm) of fiberglass. The lithium and purge gas flow lines were

insulated with 2 inches (5.08 cm) of fiberglass. All insulation was over-

wrapped with heavy aluminum foil. A photograph of the lithium system is

shown in Fig. 28.

Lithium Tank Loadin and S stem Heatin . Lithium was purchased in the form

of 2.7-pound (l.22-kg) cylindrical ingots packed in individual cans in an

inert atmosphere. The cans were opened and the tank was loaded under an

argon blanket. A small amount of metallic sodium (0.5 percent) was added

with the lithium to ensure line wetting, which is essential for proper

operation of the magnetic flowmeter.

System heating (lithium tank and lines to_S50 F, 560 K, purge gas heater

to _800 F, 700 K) required about 3 hours, starting at ambient temperature.

Fluorine

A schematic diagram of the fluorine system, which was rated at 3000 psi

(2.07 x 107 N/m2), is shown in Fig. 29. Fluorine gas, supplied from a
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bank of eight, 330-pound (i50-kg) capacity, high-pressure cylinders was

liquified in an LN2-jacketed condenser and stored in a jacketed, iS-

gallon (5.58 x 10 -2 m5) run tank. The piping arrangem.'nt was such that

the line to the main fluorine valve was filled before fluorine flow to

the tank began, to eliminate gas pockets in the line. The delivery line

between the tank and injector (including valves and flowmeters) was also

LN 2-jacketed.

Gaseous hydrogen was supplied to the test stand from a 450-pound (204-kg)

capacity, 3000-psi (2.07 x 107 N/m 2) reservoir through a delivery system

incorporating appropriate regulators, valves, filters, and gages. The

test stand hydrogen system, shown schematically in Fig. 30, consisted of

two brances. One branch (shown on right side of figure) was used only

in the first two tripropellant firings, to supply the oxidizer-rich gas

generator employed with the original injection scheme (Ref. i). The main

branch was used in all the firings. It included three venturi meters and

valves in parallel. By successive operation of these valves at a given

upstream pressure setting, several discrete hydrogen flowrates could be

programmed during the course of a single firing. This capability for

making multipoint tests was of substantial value in the experimental

program.

|

INSTRUMENTATION AND DATA RECORDING

The basic test instrumentation used in both the sea-level and altitude

simulation firings is shown schematica11), in Fig. 31, which illustrates

the simplified injection method employing the fuel-rich gas generator.

Additionally, in the first two Li/F2/H 2 firings, which used the oxidizer-

rich gas generator, the branch hydrogen line (Fig. 50) included pressure

and temperature measurements at the sonic venturi, as in the main hydrogen

line. The instrumentation required for the heat flux measurements and for

the determination of nozzle pressure profiles in the altitude simulation
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tests, which is not shown in Fig. 51, is discussed below. Conventional

instrumentation was used in the auxiliary systems (purge, pressurization,

and cooling).

Thrust

The thrust chamber mount was supported on flexures which allowed free

movement parallel to the engine axis, restrained in the thrust direction

by a Baldwin-Lima-tiamilton double-bridge load cell (Model U-283). To

avoid nonaxial thrust vectors, the chamber was supported by a flexible

steel cable near its center of gravity. Tension in the cable was adjusted

to eliminate cantilever action on the load cell.

[_l_ssure

Pressure measurements were made with bonded strain gage transducers. For

pressures above atmospheric, Taber 'Teledyne" Series 206 were used; for

those below atmospheric, Data Sensor Type 015-A were employed. Chamber

pressures were determined both in the gas generator and in the main com-

buster. At each axial location, three or four circumferential pressure

taps were manifolded together, and the manifold pressure was measured.

The other pressure measurements shown in Fig. 51 were made with close-

coupled transducers at each location. Pressures in the nozzle skirt were

measured with close-coupled transducers at area ratios 5.7, 5.2, 7.0, 9.0,

11.4, 15.0, 20.0, 50.0, 40.0, SO.O, and 58.5.

J,.

Flowrate

_. Hydrogen flowrates were measured with sonic venturt meters

(Flow-Dyne Nodel Series V-16).

Fluorine. Two turbine flowseters in series (Fischer-Porter Nodel RF-I-SO)

were used to measure volumetric fluorine flowrates.
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Lithium. An NSAmagnetic flowmeter was used to measure lithium flow-

rates, as described previously in the discussion of the lithium propellant

system.

Temperature

Fluorine. Liquid fluorine temperature was measured with two, shielded,

platinum resistance bulbs (Rosemount Model 176) immersed in the liquid

stream, one upstream of the first flowmeter and the other downstream of

the second.

Hydrogen. Temperatures in the venturi plena were measured with iron-

constantan thermocouples.

Lithium. Temperatures at various points of the lithxum system were moni-

tored by means of externally welded thermocouples. In addition, a sheathed

chromel/alumel thermocouple was immersed in the liquid lithium immediately

upstream of the injection manifold to measure lithium injection temperatures.

Heat Flux Measurement Instrumentation

Water-Cooled Thrust Chamber Components. The calorimetric heat flux deter-

minations in the water-cooled combustion chamber and nozzle segments

(Appendix D) required measurements of water flowrates and temperatures.

Flowrates were measured with turbine glowmetere. Temperatures were measured

with specially made thermopiles in the combustion chamber and with conven-

_ional differential themocouples in the nozzle. The thermopiles were

•ased in the combustion chamber because inlet and nutlet water temperatures

were measured separately in four og the small coolant passaps, in each

of which the water flowrate and the t_mperature rise were fairly small.

The thermopile consisted of gout chromel-alumel elements (S4il wire) em-

bedded in epoxy resin within an Inconel sheath. In the nozzle segment,

water tempezature digferentials across each imssaae were much larger, so

that single-element thernocouples could be used.
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Copper Nozzle Section. Heat flux in the copper nozzle segment (extending

from area ratio 3 to area ratio 10) was measured by means of specially

designed and fabricated transducers. Details of their design and cali-

bration are given in Appendix D.

Steel Nozzle Skirt. Temperatures along the outer wall of the steel nozzle

_egment (extending from area ratio 10 to area ratio 60) were measured

with iron/constantan thermocouples welded along its length.

Data Recording

Pressure, temperature, and flow measuremer_s were recorded on tape during

each firing by means of a Beckman Model 210 Data Acquisition and Recording

System. This system acquires analog data from the transducers, which it

converts to digital form in binary-coded decimal format. The latter are

recorded on tape for computer processing.

The Beckman Data Acquisition Unit sequentially samples the input channels

at a rate of 5625 samples per second. Prog_ed computer output consists

of tables of time versus parameter values (in engineering units), printed

out as either the instantaneous values at approximately lO-millisecond

intervals during the firing or as average values over prespecified time

slices, together with calibration factors, prerun and postrun zero read-

ings, and related data. The same com_ute:d results are also machine

plotted and displayed as CRT outputs on appropriately scaled and labeled

grids.

Primary data recording for these firings was on the Beckman 210 system.

In addition, the following auxiliary recording systems were employed:

le An 8-channel Brush Maza 200 recorder was used in conjunction with

the Beckman unit to establish time intervals for data reduction

and quick-look Information at the most isportant parameters.
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2. A CEC, 36-channel, direct-reading oscillograph was used as

backup for the Beckman 210 system, as indicator of possible

oscillatory combustion, and for precise recording of firing-

event timing.

3. Direct-inking graphic recorders were used to set prerun pro-

pellant supply pressures, for monitoring fluorine system chill-

down and lithium system heating, to provide quick-look informa-

tion, and as secondary backup to the Beckman and oscillograph

systems.

CALIBRATION PROCEDURES

Transducer calibrations were used not only to obtain appropriate factors

for test data reduction, but also to develop statistical histories of each

transducer so that estimates of short- and long-term deviations could be

made and probable error bands calculated (Appendix B). The calibration

methods used for the various types of transducers are described below.

Thrust

The thrust-measuring load cell was calibrated in-place. A permanently

mounted, manually operated, hydraulic force cell was used to deflect the

load cell exactly as did the engine, through a yoke-tenslon rod system.

Known loads were applied to t_ force cell through a Morehouse compression-

type, teuqmrature-coapensated, proving ring calibrated by the National

Bureau of Standards.

In measuring rocket engine static thrust, care must be taken to apply

properly the input-output factors determined under calibration conditions

to the load coil readings obtained during test firings. Seemingly minor

differences, such as in the temperatures and pressurization levels of

the propellant inlet lines or in diffuser pressures (in altitude simula-

tion firings), say have significsa_ effects on measured thrust. Con-

seqtmntly, the thrust calibrmtion and ssasur_ent procedures used in this

program sre described in detail in Appendix C.
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Pressure

Pressure transducers were calibrated end-to-end by mounting them on stand

manifolds in which pressures were read with high-precision Helse Bourdon-

tube gages. The latter were calibrated periodically on Ruska dead-weight

testers with weights traceable to NBS standards.

Flowrate

Fluorine. Calibrations of the turbine flovnneters to obtain volume flow-

rates as functions of rotational speeds were made with water. Transfer

of the cycles-per-gallon factors to liquid fluorine usage requires applica-

tion of corrections to allow for the differences in temperature and vis-

cosity between water and LF 2. The temperature correction (70 to -310 F,

295 to 83 K), which is a function of meter material and not of meter size,

has been estimated as 1.005 (Ref. 19) and 1.009 (Ref. 20); average 1.007.

The viscosity correction, which is a boundary layer phenomenon and there-

fore depends on flowmeter size, was estimated as 0.992 (I inch, 2.54 cm,

Ref. 19), so that the net correction applicable to the water calibration

factors was 1.007 x 0.992, or 0.999. This was within the readability

limits of meter output and was therefore considered negligible. Hence,

volumetric flow factors determined with ambient-temperature water were

used for liquid fluorine without correction.

_. The sonic venturi meters were calibrated with hydrogen by the

manufacturer., Mass flowrate was determined from the following equation:

_GH2 V_ (7)

The calibrations established curves which gave values of K as functions of

hydrogen pressure and temperature at the venturi inlet. The flow coeffi-

cient curves were calculated from the standard AS_4E equations (Ref. 21).

"Flow-U)me Engir_ering, Inc., 3701 W. Vickery St., Fort Worth, Texas
7b107
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Lithium. The magnetic flowmeter was calibrateJ for lithium by the manu-

facturer* to establish the variation of the flowrate factor (gpm/mv output)

with temperature. A Leeds _ Northrup Type K potentiometer was used to

calibrate the amplification-recording circuits.

I

Temperature

Resistance Thermometers. Resistance of the platinum thermometers used

in the LF 2 line was converted to millivolt output by a triple-bridge

system. This was calibrated by substituting , de_du resistance box for

the sensor, and setting it at various resistances ¢orT_ponding to a

temperature-resistance calibration suppL_p.d _y ",_ u_m.£_cturer** for

each instrument. These precision plati:_._ _', i_-_:_c' ._.tso_s have no

significant calibration drift. They we_: ci,,. -'_d ,_0:t -._ccipt by im-

mersion in liquid nitrogen and liquid oxygen: ".emI._r',cut'ereadings were

correct within the limits of readability.

Thermocouples and Thermopiles. Thet_ocouples and thermopiles were used

on the basis of standard NBS millivolt/tcmperature tables.

TEST PROCEDURES

Immediately before each firing, the lithium main valve was cycled, the

system downstream of the fluorine main valve was passivated, and prerun

transducer zero readings were obtained. In tests enploying water-cooled

thrust chamber components, both prerun and postrun zeros were obtained

with water flowing at test level flowrates.

Test sequencing was controlled by automatic electronic timers. Typical

programming for the firet _ew tests using the fuel-rich gas generator

injection scheme is indicated in Fig. 32. The purpose o_ the preliminary

i
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Minnesota
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flow of hot helium purge gas was to displace the air in the lithium system

downstream of the burst diaphragm (Fig. 27) and to heat the lithium in-

jection tubes. Duration of this purge gas flow was increased from the

5 seconds shown in Fig. 32 to 18 seconds in later firings because the

shorter duration flow did not always heat all the tubes sufficiently.

Gas generator operation {with one hydrogen valve open) was begun 3 seconds

before the start of lithium flow. Lithium flow duration was 5.1 to 6.0

seconds. During this time, the other two hydrogen valves were successively

opened, to give three discrete hydrogen £1owrates during the lithium flow,

each 1.7 to 2.0 seconds in duration. Gas generator operation was continued

for 1.0 to 2.0 seconds after cessation of lithium flow, to react with

lithium remaining in the delivery line and brought in by the helium purgs.

A relay system over-ride ensured that the lithium purge gas valve did not

close until the lithium main valve was fully open, and that it opened as

soon as the lithium main valve beg_n to close.
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EXPERIMENTAL FIRINGS

INTRODUCTION

For descriptive purposes, the experimental firings carried out in this

investigation are divided into three series, corresponding to the three

tasks into which the program was divided. The types and numbers of tests

conducted in each of these tasks were as follows:'

TASK I:

I.

Inject ion Configurat ion Investigation

Tripropellant firings using the oxidizer-rich gas generator

inject ion method.

a. Preliminary tests to check functioning of fluorine/hydrogen

and lithium systems (four gas generator firings}.

b. Tests using original, thrust chamber, with hydrogen injection

at 1 inch (2.54 cm) downstream of lithium injector (two

Li/F2/H 2 firings}.

2. Tripropellant firings using the fuel-rich gas generator injection

method.

a. Tests of fuel-rich gas generator (four gas generator firings}.

b. Tests using fuel-rich gas generator and new lithium injector

in combination with the original tripropellant combustion

chamber and nozzle (six Li/F2/H 2 firings).

Injector Performance and Heat Flux Determination

Tests using fuel-rich gas generator injection method, with

water-cooled thrust ch_ber components (three Li/F2/H 2 firings).

TASK III: Altitude Performance Tests

1. Tests with 60:1 area ratio nozzle (four Li/F2/H 2 firings).

TASK II:

I.

Details of the individual test firings are given below.
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TASK I FIRINGS USING OXIDIZER=RICH GAS GENERATOR

Preliminar_ Tests

The experimental portion of the present program was begun with two series

of preliminary tests. These were carried out to check the functioning of

the fluorine/hydrogen a.ld lithium systems prior to initiation of the tri=

propellant firings. The fluorine and hydrogen systems were tested by

means of a series of firings of the original, oxidizer=rich, gas generator,

and the lithium system by a series of flow tests to atmosphere.

Gas Generator Tests. The fluorine and hydrogen injectors and the lO=inch

{25.4=cm), two-segment, gas generator used in the previous lithium-fluorine-

hydrogen study (Ref. 1) were employed for these tests. In both chamber

segments , nickel liners and mixing plates had been installed near the

close of the earlier program {replacing the original graphite).

Target parameters for the gas generator tests were those corresponding

to tripropellant firings at nominal 500 psia (3.45 x 106 N/m 2) chamber

pressure. These c_nditions were achieved by use of an exit plate con-

taining seven orifices (D = 0.213 inch, 5.41 mm) at the outlet of the

gas generator chamber.

Four firings were carried out. Test data are summarized in Table 2.

Essentially complete combustion was obtained in the gas generator, as

in the previous study (Ref. I). No significant problems were encountered

in these tests, and the fluorine and hydrogen systems were considered

satisfactory for subsequent tripropellant firings.
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Liquid Lithium Flow Tests. Following completion of the lithium system

modifications, a series of flow tests was conducted to check operating

procedures and the functional _uitability of the various system com-

ponents. For these tests, lithium flow was directed to atmosphere, with

heat-up procedures, tank pressurization levels, and flowrates the same as

those planned for the tripropellant firings.

System heat-up was smooth, and functioning of the lithium main valve was

consistent and rapid (50-millisecond opening and closing times). Three

flows were made, with tank pressures of 800 to 850 psi (5.52 x 106 to

5.86 x 106 N/m2), lithium flowrates of 0.8 to 0.9 Ib/sec (0.36 to 0.41

kg/sec), and durations of 1 to 3 seconds. No operational problems were

encountered. These tests showed the lithium system to be functioning

satisfactorily.

Tripropellant Tests

The original oxidizer-rich gas generator, lithium injector, and graphite-

lined chamber sections and nozzle (e = 2) were employed in this series

of firings, to conclude the previous investigation of the effect on c*

efficiency of variations in chamber length and in point of hydrogen addi-

tion. In the earlier Li/F2/H2experimental firings (Ref. I), the hydrogen

was injected first at 20 inches (50.8 cm), then at 5 inches (12.7 cm)

downstream of the lithium injector, in an overall chamber length of 32

inches (81.3 cm). Mile retaining the 5 inch (12.7 cm) F2/Li combustion

chamber length, the mixing length was then reduced to 17 inches (43.2

cm). Thes_ variations are shown in Fig. 33. In the present program,

the hydrogen injection station was moved to 1 inch (2.54 cm) from the

lithium injector, with mixing chamber lengths downstream of the hydrogen

injector of 12 and 22 inches (50.5 and 55.9 cm, Fig. 33). Positioning

of the hydrogen injector at only I inch (2.54 cm) from the F2/Li injector

essentially simulates injection of the three propellants at the same

axial station. The hydrogen and lithium injectors were separated by

a 1-inch (2.54-cm) spacer to avoid disruption of the lithium atomization
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process by the radial hydrogen jets. Note that the "fluorine" injected

into the F2/Li chamber is actually the gas generator product obtained

by reacting liquid fluorine with a very small amount of hydrogen at

nominal mixture ratio of 500.

0

In each of the tripropellant firings carried out in the present study,

as in those of the previous investigation, three test conditions were

targeted by sequencing three discrete hydrogen flowrates during the test.

I _

Run No. 68-2. This was the first tripropellant test of the present pro-

gram. The gas generator and lithium injector were assembled as described

in Ref. 1. A 1-inch (2.54-cm), graphite-lined, copper spacer was placed

between the lithium and hydrogen injectors, and a 10-inch (25.4-cm) chamber

was used downstream of the 2-inch (S.08-cm) hydrogen injector, giving a

total mixing chamber length of 12 inches (30.5-cm). The firing proceeded

through the sequenced _mctions as programmed.

Run No. 68-3. Test hardware for this firing was the same as that used in

Run No. 68-2, except that the mixing chamber length was increased from

12 inches (50.5 cm) to 22 inches (55.9 cm), Fig. 33. Run No. 68-5 also

proceeded as sequenced.

Following the test, th_ orifice tips of two of the lithium delivery tubes

were found to be eroded away and the graphite core of the injector was

cracked in the region of these tubes. This was apparently the result of

fluorine/lithium reaction at or within the core, which alse resulted in

some burning of the gas generator exit flange and the lithium and hydrogen

injector shells. The loss of the tube orifices was indicated by a sudden

increase in lithium flowrate near the end of Step No. 2 of the firing.

TASK I FIRINGS USING FUEL-RICH GAS GENERATOR

Tests of Fuel-Rich Gas Generator

Prior to the use of the fuel-rich gas generator in the tripropellant firings,

a series of tests was carried out to determine its combustion and operating
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characteristics. For these tests, the lithium injector, which is located

at the exit of the gas generator chamber (Fig. 17), was replaced by a

graphite block into which four orifices (D = 0.594 inch, 1.51 cm) wer_

drilled to permit attainment of desired chamber pressures. A stainless-

steel retainer plate was attached to the chamber exit flange. The unlike-

doublet LF2/GH 2 injector (Mod TI, Fig. 8) was used in the gas generator

tests, as well as in all the subsequent tripropellant firings. The

assembled and mounted gas generator is shown in Fig. 54.

The fuel-rich gas generator test series consisted of four firings. In

the first three, single hydrogen flowrates were used, representing the

extremes and the center point of hydrogen flow in the proposed tripro-

pellant test matrix (Fig. 2). In the fourth test, three discrete hydrogen

flowrates were programmed, as in a typical Li/F2/H 2 firing. No operational

difficulties were encountered in these tests and the gas generator func-

tioned as planned. The copper LF2/GH 2 injector exhibited no discernible

erosion at the conclusion of the firings. Test data are summarized in

Table 3.

Uncorrected c* efficiency of the gas generator over i_s expected operating

range was substantially constant at 97 percent. These tests demonstrated

the suitability of the fuel-rich gas generator for the tripropellant firings.

The high c* efficiency obtained substantiates the design criteria used

for the LF2/GH 2 injector.

Tests of Fuel-Rich Gas Generator Injection Method

The feasbility of the simplified Li/F2/H 2 injection scheme was determined

by test firings in which the fuel-rich gas generator and the new lithium

injector were used in combination with the graphite-lined combustion chamber

and nozzl _. employed in the previous program (Ref. 1). Test parameters

were the same as in the earlier tripropellant firings, except that nominal

chamber pressure was increased from 500 psia (3.45 x 106 N/m 2) to 750 i.sia

(5.17 x I06 N/m 2) by decreasing the throat diameter from 1.74 inches (4.42

cm) to 1.48 inches (3.75 cm). The expansion ratio was unchanged (¢ = 2).
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Primary test variables in these firings were chamber length and percent

hydrogen; nominal F2/Li mixture ratio was 2.74. Again, three discrete

hydrogen flowrates were programmed in each firing, with the sequencing

shown in Fig. 32.

Run No. 68-9. Combustion chamber length (lithium injector face to start

of nozzle convergence) was 30 inches (76.2 cm). The firing proceeded

normally until 1.2 seconds into the second hydrogen flow step. At this

point, the fluorine purge line failed between the check valve and the

main fluorine valve, and the test was manually cut.

Posttest hardware inspection showed that the graphite around seven of

the eight elements in the lithium injector face was irregularly eroded,

with accompanying loss of most of the length of the orifice tips of the

lithium injection tubes. This erosion was attributed to Li-I_ reaction

too near to the injector face. Data were obtained for the first two

hydrogen flowrate levels.

Run No. 68-10. For this test, the combustion chamber length was reduced

to 15 inches (58.1 cm). The firing proceeded smoothly to programmed com-

pletion. Posttest examination of ths lithium injector again showed

graphite surface erosion, as in the previous test, around five of the

elements. Three elements were found to be unchanged because the lithium

tubes leading to then were blocked with rolid lithium, indicating that

they were insufficiently heated _rior to the start of lithitm_ flow. The

tubes were preheated by purge gas (helium at 1000 F, 810 K) flowing

through them. At this temperature, maximum allowable pressure in the

purge gas heater was 500 psia(3.45 x 106 N/m2). Pressure in the main

combustion chamber during gas generator operation was about 510 psia

(3.52 x 106 N/m2), so that positive purge gas flow was uncertain during

this time. It was assumed that tube temperatures attained during the

initial purge gas flow would be sustained by the high-temperature gas

generator product gas. However, for three of the tubes, this was not the

case. Since all the tubes had remained open in the preceding test, this

was apparently a marginal situation.
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Run No. 68-11. Because of the low lithium flowrate in Run No. 68-10,

the test was repeated without changing the combustion chamber length.

To maintain the flow of hot helium through the lithium delivery tubes

during gas generator operation, purge gas heater temperature was reduced

from 1000 F (810 K) to 800 F (700 K) to permit pressure increase in the

heater from 500 psia (3.45 x 106 N/m 2) to 750 psia (5.17 x 106 N/m2)(heater

pressure was limited by stress considerations, which depend on temperature).

The firing proceeded as programmed. The data showed, however, that lithium

flow did not begin until 1.3 seconds after the lithium valve opened. The

reason for this was delayed bursting of the diaphragm in the lithium line

(Fig. 27) because of an inadvertent installation error. Good data were

obtained in Steps No. 2 and 3 of the firing. Following the test, the

graphite around some of the lithium injector elements was eroded, as in

the previous firings. There was also some erosion of the steel shell,

apparently the result of leakage between the gas generator graphite

chamber liner and the lithium injector.

Run No. 69-1. To eliminate the leakage from the gas generator chamber to

the main combustion chamber through the lithium tube passages, the thick-

ness of the lithium injector was increased from 1.52 inches (3.86 can) to

3.00 inches (7.62 cm). This had _he effect of moving the lithium tube

passages away from the interface between the injector and the graphite

liner of the gas generator chamber (Fig. 18).

Chamber length for this firing was 7 inches (17.8 cm). The firing pro-

ceed_d as programmed. Posttest examination of the hardware showed no

erosion at all of the back or sides o£ the lithium injector or of the

steel shell around it, indicating that moving the tube passages away

from the liner-injector interface had solved the leakage problem. Some

localized erosion of the graphite at the injector face around the in-

jection elements was observed, as in the previous tests, with accompanying

partial loss of the lithium tube orifice tips.
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This firing completed the planned study of the effect of combustion

chamber length on the c* efficiency obtained with the fuel-rich gas

generator injection method.

Run No. 69-2. In the firings with the _iod I and Mod II lithium injectors

(Fig. 18), significant erosion of the graphite surface around the injection

elements was generally observed. The purpose of this test was to assess

the possible benefit of increasing the distance between the injector face

and the point of impingement of the lithium stream with the central gas

jet. This was accomplished by recessing the injector face 0.325 inch

(0.826 cm), which increased the effective impingement distance from 0.237

inch (0.602 cm) to 0.562 inch (1.43 cm), as shown in Fig. 18. Chamber

length was 15 inches (38.1 c_m). The firing proceeded as programmed

(Fig. 32).

Again, no sign of leakage between the gas generator and main combustion

chamber could be detected on posttest hardware examination. Localized

graphite injector face erosion around the injection elements was substan-

tially reduced from that of the previous tests. Correspondingly, less

of the orifice tips of the lithium injection tubes was burned away. This

reduced erosion represented a significant improvement over the nonrecessed

injector configuration.

Run No. 69-3. The primary purpose of this test was to determine the

effect on c* efficiency of reduction in gas injection velocity from

Mach 0.5 to Mach 0.25. This was accomplished by use of the Hod IV lithium

injector, in which the gas injection area was twice that of the earlier

injectors, with the penetration of the central gas jet by the lithium

stream remaining unchanged.

All of the previous firings with the fuel-rich gas generator and lithium

injector produced noticeable erosion of the graphite liner in the combus-

tion chamber at about 1.5 to 4 inches (3.8 to 10.2 cm) downstream of the

injector face in a scalloped pattern, with the eroded areas in line with
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the injector elements. This indicated that the erosion was probably

caused by misdirection of some raw lithium against the hot chamber wall.

Although this was of no particular concern in the tests with graphite-

lined chambers, it could be detrimental in the water-cooled, copper-lined

chambers which were to be used in subsequent tasks.

A short series of cold-flow experiments was carried out prior to Run

No. 69-3 to determine the nature of the liquid and gas distributions

produced by the lithium/gas injection element. Details of these tests

are given in Appendix E. The results indicated that unreacted lithium

would indeed contact the chamber wall in the region of the observed ero-

sion. Because of these observations, a second objective of Run No. 69-3

was to obtain an inJication of possible thermal/chemical interaction of

hot lithium with a copper-wall combustion chamber. This was carried out

by replacing the graphite liner of the S-inch (12.7-cm) chamber se._qnent

with copper. A 2-inch (5.08-cm) graphite-lined cYamber section was placed

between the copper-lined segment and the graphite-lined nozzle, for a

total chamber length of 7 inches (17.8 cm).

The test firing proceeded as progranuned. Posttest hardware examination

showed substantial erosion of the copper liner, in the same scalloped

pattern as observed with graphite, about 1.5 to 4 inches (5.8 to 10.2 cm)

from the lithium injector. The maximum depth of the eroded regions

(about 0.5 inch, 1.5 cm) was greater than that observed with graphite

(about 0.2 inch, 0.5 cm). Copper weight loss during the test was about

3.5 pounds (1.59 kg), compared to total graphite weight loss in a similar

firing of about 0.2 pounds (0.09 kg). Because the eroding copper added

significant mass to the combustion products and, in addition, affected

the combustion processes, data from this test are questionable, except

possibly at the initial portion of the first step, when the erosion was

just beginning.
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TASK II EXPERIMENTAL FIRINGS

The simplified injection method using the fuel-rich gas generator was

employed in all of the Li/F2/H 2 firings of Tasks II and III. A schematic

of the Task II test hardware is shown in Fig. 35, The graphite-lined

chamber section was used immediately downstream of the lithium injector

because of the apparent incompatibility of the injector with copper chamber

walls shown in Run No. 69-3. Heat flux data were obtained in the 4-inch

(1O.2-cm) downstream section of the 9-inch (22.9-cm) combustion chamber

and in the nozzle section (to c -- 3). The uncooled nozzle extension

(from e = 3 to e = 10) was used so that measured pressures in this region

would be available for subsequent comparison of Task II and Task III data.

The area ratio 10 nozzle flowed full in the sea-level tests.

Test Firings

Run No. 69-4. The first test with the water-cooled hardware proceeded

smoothly through the three programmed steps (Fig. 32). No cooling system

problems were encountered. Posttest hardware condition was excellent.

Neither of the water-cooled thrust chamber sections was visibly affected

by the firing.

Run No. 69-5. This firing also proceeded as progra_ned. Posttest, there

was a slight degree of erosion of the copper liner at the upstream end

of the water-cooled combustion chamber segment, where it contacted the

graphite liner of the uncooled chamber section.

Run No. 69-6. The third test in this series also ran smoothly to pro-

gramn_d completion. Posttest hardware condition was excellent, except

for a slight increase in the erosion at the inlet end of the water-cooled

chamber segment.

Chamber Coating

FoZlowing each of the test firings in this series, a deposit of grayish

solid material was present on the walls of the water-cooled chamber and
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nozzle sections. In the water-cooled chamber and at the nozzle entrance,

where the coating consisted of a mixture of LiP and Li, the thickness

of the deposit was 0.08 to 0.12 inch (2.0 to 3.0 nan). The thickness of

the deposit decreased in the convergent portion of the nozzle, reached

about 0.002 to 0.005 inch (0.05 to 0.15 ram) immediately upstream of the

throat, and remained at this value to the nozzle exit. The very thin

coating at the throat and in the divergent nozzle consisted essentially

of LiF. Coating thickness on the graphite liner of the uncooled chamber,

by comparison, was generally in the range 0.005 to 0.010 inch (0.13 to

0.25 ram). The substantially smaller quantity of deposited material on

tile uncooled graphite chamber wall compared with that on the wall of the

water-cooled chamber is associated primarily with the higher temperature

of the former. This resulted in less condensation on the graphite wall

from the combustion gases. Figure 36 is a posttest photograpt, of the

converging portion of the water-cooled nozzle segment, showing the depos-

ited coating; a portion of the coating has been removed to show its

thickness.

The solid deposited on the walls of the water-cooled chamber plugged the

chamber pressure ports in two of the three firings in the Task II series.

In those two tests, chan_er pressure was estimated from pressure measure-

ments in the gas generator and near the lithium injector. Subsequently,

in the Task III firings, a helium purge was maintained through the chamber

pressure taps. This purge was interrupted for 200-millisecond intervals

in each of the steps of the firing to permit data slices to be taken.

Lithium System Helium Purge

Following each of the Task II firings, one to three of the eight lithium

injection tubes were found to be plugged with solid lithium. Apparently

_he reduction in helium purge gas temperature from 1000 F (810 K) to 800 F

(700 K) prior to Run No. 68-11 again resulted in a marginel tube heating

situation. A series of purge gas flow tests was therefore carried out

to obtain data for possible increase in the duration of the hot helium

purge prior to lithium flow. The tests showed that the preliminary purge

/Y%'
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gas flow through the lithium injection tubes could be extended to about

20 seconds before the gas temperature fell below 600 F (590 K). This

was done in the subsequent Task Ill firings and no further lithium in-

jection tube blockage was encountered.

#

L

TASK III EXPERLMENTAL FIRINGS

Four altitude simulation tests were carried out with the 60:1 area ratio

skirt attached to the 10:1 area ratio nozzle extension used in the Task II

firings. Tile nozzle was joined to a self-starting diffuser through a

stainless-steel bellows. Details of _he diffuser design and mounting

are given in Appendix G. A schematic of the test hardware used in the

altitude simulation firings is shown io Fig. 57, and a photograph of the

test stalld showing the diffuser in place is shown in Fig. 58.

Test Firings

Run No. 69-7. Each altitude simulation firing was programmed as follows:

17.5 seconds of lithium purge gas flow, 3.5 seconds of gas generator

operation, 6.0 seconds of Li/F2/H 2 firing (consisting of three 2.0-second

steps at different hydrogen flowrates), and, finally, 2.8 seconds of gas

generator operation. This test proceeded smoothly to scheduled completion.

No difficulty was encountered in the operation of the diffuser. Posttest

hardware condition was excellent, with the exception of the inlet region

of the water-cooled chamber section. The erosion of the copper liner in

this area, which had begun in the Task II firings, continued in this test.

Run No. 69-8. Test hardware for this firing was the same as in the pre-

ceding test, and it proceeded to programmed completion. Posttest hardware

examination showed that the upstream end of the copper liner in the water-

cooled chamber section had been eroded down to one of tile axial water

passages. Test data indicated that water from this passage had flowed

into the chamber during all three steps of the tripropellant firing. Con-

sequently, performance data from this test were not usable.
i
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Run No. 69-9. Test hardware for this firing was the same as in the first

two altitude simulation tests, except that a 9-inch (22.9-cm), graphite-

lined, uncooled chamber section was used in place of the previously em-

ployed combination of a 5-inch (12.7-cm) graphite-lined segment and a

4-inch (10.2-cm) water-cooled section, pending repair of the latter. 3he

firing proceeded smoothiy to scheduled completion. Posttest hardware

examination showed that the copper liner of the water-cooled nozzle section

had been eroded down to the first circumferential water passage at its

upstream end. Test data indicated that water from this passage had flowed

into the chamber only during the third step of the firing, so that valid

performance data were obtained in the first two steps.

Run No. 69-10. Both the water-cooled combustion chamber segment and nozzle

section were repaired prior to this final test and the water passages of

each were pressure-checked at 1100 psi (7.6 x 106 N/m 2) to confirm their

physical integrity. In both cases, the repair consisted of re-forming

the inlet portion of the copper liner and re-sealing the cooling passages

in this region. The test proceeded smoothly until the end of the scheduled

lithium flow, at which time the upstream water exit tube of the cooled

nozzle burst and the test was terminated. It was found that the copper

liner in the upstream portion of the convergent nozzle was completely

eroded away. This permitted flow of hot combustion products through the

water exit tube and its consequent burnout. There was no apparent damage

to the water-cooled combustion chamber section, aside from very slight

erosion at its inlet. Test data showed that water flow into the thrust

chamber from the eroded nozzle coolant passage began at the start of

lithium flow, hence no usable performance data were obtained ir this firing.

Chamber Erosion

_e observed erosion of both the water-cooled chamber and nozzle sections

occurred at their upstream ends, _,ere they were in contact with the hot

graphite liner of the uncooled chamber segment. Because of its higher

cooling capability, erosion of the water-cooled chamber section was much

slower than that of the nozzle section. In both cases, it appears that

heat flowing from the graphite liner probably overloaded the cooling capac-

ity at the entrance region of the adjacent water-cooled segment.
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RESULTS AND DISCUSS ION

The experimental results obtained in this program are presented and dis-

cussed in the following three categories:

I. Tripropellant injection meth,'.,ds

2. Thrust chamber heat transfer

3. Altitude performance

The test firings of Task i contributed to the first of these categories,

those of Task II contributed to the first and second categories, and those

of Task III contributed to all three categories.

TRIPROPELLANT INJECTION METHODS

i
!
i
!

i

Oxidizer-Rich Gas Generator

Test data obtained in the two firings using the oxidizer-rich gas generator

injection method are summarized in Table 4. The hydrogen injection station

was 1 inch (2.54 cm) from the lithium injector and combustion chamber lengths

of 12 inch (30.5 cm) and 22 inches (55.9 cm) were employed (Fig. 33). App]ic-

able corrections were made to measured chamber pressure and thrust, as

described in Appendix A; total corrections are listed in Table 4. Although,

in these tests, c* efficiencies based on chamber pressure were slightly

higher than those based on thrust, the differences were within the limits

of experimental error (Appendix B), confirming the previous indication

(Ref. I) that the Cp efficiency of the low expansion ratio nozzle (E = 2)

was close to I00 percent. Again, as in the earlier study, c* efficiencies

obt&ined at hydrogen flowrates less than about 20 percent of total pro-

pellant flow were lower than those at hydrogen proportions gre_ter than

20 percent. Reduced c* efficiency at the lower hydrogen flowrates was

attributed to incomplete penetration of the radial hydrogen jets into

the combustion gas stream.
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All c* efficiency data obtained with the oxidizer-rich gas generator in-

jection method, both in the earlier study and in the present investigation,

are presented in Fig. 39. The primal-/ variable is percentage of hydrogen.

Nominal chamber pressure is 500 psia (3.45 x 106 N/m 2) and nominal F2/Li

mixture ratio is 2.74. The experimental deviations from these values do

not significantly affect combustion efficiency (Ref. I). Data at hydrogen

proportions below 20 percent reflect inadequate uniformity of hydrogen

distribution in the combustion mixture and will therefore not be further

considered in subsequent analyses. At hydrogen flowrates greater than

20 percent, the experimental results were consistent and characteristically

predict able.

Figure 40 shows c* efficiency as a function of the length of the Li/F 2

combustion chamber at 25- to 3S-percent hydrogen levels. I_ith Li/F 2 com-

bustion chamber lengths of 5 inches (12.7 cm) or longer, c* efficiency was

approximately 99 to 100 percent; decrease in length to 1 inch (2.54 cm)

lowered c* efficiency to approximately 98 percent. This very slight change

is an indication of the efficiency of the gas-augmented atomization process

in producing small lithium droplets. Variations in the length of the

mixing chamber downstream cf the hydrogen injector from 12 inches (30.5 cm)

to 27 inches (68.6 cm) had no apparent effect on c* efficiency, regardless

of the length of the Li/F 2 combustion chamber (Fig. 39). This indicates

that hydrogen mixing and heating is completed within the shorter length.

The high degree of lithium atomization produced by the oxidizer-rich gas

generator injection method is confirmed by the results of the present

tests. Injection of the hydrogen at I inch (2.54 cm) from the Li/F 2 in-

jection station closely resembles the situation which would occur if the

hydrogen were introduced through the Li/F 2 injector itself. That is, al-

though the lithium is still atomized by the gaseous fluorine, the presence

of the hydrogen in the injection region reduces the rate of diffusion of

the fluorine to the lithium droplets. It also results in reaction of

lithium with }iF as well as with F2, and, most important, significantly

reduces the temperature in the combustion region. For these reasons,
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injection of hydrogen at 1 inch (2.54 cm) downstream of the lithium

injector provides more severe conditions for lithium combustion than

does addition at 5 inches (12.7 cm) or beyond. The fact that c* effi-

ciency is only slightly reduced by addition of the hydrogen within the

Li/F 2 combustion zone shows that the degree of lithium atomization is

high enough so that combustion of the lithium droplets is nearly complete.

These results indicated that Li/F2/H 2 c* efficiency would probably remain

high if a fuel-rich gas generator were employed to furnish a mixture of

HF and H2 as the atomizing/reactant gas, provided that the lithium droplets

resulting from the atomization process were sufficiently small. Such a

gas generator was therefore employed in the _implified injection method.

With the same requirement for small lithium droplets, the test results

indicate that c* efficiencies of about 98 percent would be expected if

all three propellants were injected at the same axial location.

Fuel-Rich Gas Generator

Nineteen test data points were obtained for the determination of c* effi-

ciency with the fuel-rich, gas generator injection method. Of these, 15

were from Task I and 3 each were from Tasks II and III. Data are summar-

ized in Table 5. Characteristic velocity efficiencies obtained in the

other data-producing tests (six in Task II and two in Task III) were

not included in this determination because the chan_er pressure taps

near the start of nozzle convergence were plugged by condensed solids.

Chamber pressures in these cases were estimated from pressures measured

in the gas generator or close to the lithium injector, and therefore were

not sufficiently reliable for use in the c* correlations;

1

..%,

Corrected c* efficiencies were calculated by the methods given in Appendiz A.

Characteristic velocity efficiencies based on chamber pressure were obtained

for all the tests. For the Task I tests, in which the expansion ratio was

2, c* efficiencies based on thrust were also calculated, because the thrust

coefficient of this :,_ort nozzle had been shown in the previous work to

be close to theoretical, within the range of experimental test conditions.
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In general, the agreement between c* efficiencies based on chamber pres-

sure and on thrust was within the limits of experimental error (Appendix B)-.

The throat area at each step of a multipoint firing was estimated from

pretest and posttest measurements of throat diameter, with the assumption

that the observed changes (which were less than 1 percent) occurred at a

uniform rate during the test. (In the uncooled-nozz!e tests of Task I,

throat diameter increased because of erosion; in the water-cooled nozzle

tests of Tasks II and III, diameter decreased because of very slight de-

position of solids on the throat wall.)

All the c* efficiency data obtained with the fuel-rich gas generator

injection method are presented in Fig. 41, in which the results at the

three hydrogen percentage l_vels are plotted separately. Corrected c*

efficiencies of 97 to 98 percent were obtained at hydrogen proportions

of 19 to 50 percent. At hydrogen proportions below 30 percent, F2/Li

mixture ratio variations from 2.2 to 5.7 did not significantly affect

c* efficiency. When the hydrogen proportion was raised to about 35 per-

cent, however, there was a significant decrease in c* efficiency at F2/Li

mixture ratios below stoichiometric (2.74). Variations in chr_nber length

(injector face to start of nozzle convergence) within the range of 7 inches

(17.8 cm) to 30 inches (76.2 cm) had no significant effect on c* efficiency.

Maximum c* efficienc/ (98 percent) was obtained at 24- to 30-percent hydrogen,

F2/Li mixture ratio 2.2 to 4.9, and chamber lengths of 9 to 15 inches (22.9

to 38.1 cm). Decrease in hydrogen propor_ien to nominal 20 percent lowered

c* efficiency very slightly, to about 97 percent; increase in hydrogen

proportion to nominal 35 percent lowered c* efficiency to about 96 to 97

ix rcent at F2/Li mixture ratios greater than stoichiometric and to about

93 to 95 percent at substoichiometric F2/Li mixture ratios. It should

be noted that because of the large contraction ratio used, the correspond-

ing L* values were fairly high, even for relatively short chamber lengths;

ChLaber Length, inches: 7 9 15 50
cm: 17.8 22.9 58.1 76.2

L', inches: 110 137 195 57_
ca: 279 348 49S 953
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The effect of chamber pressure variations on c* efficiency in these

tests was not significant; with the exception of two tests, chamber pres-

sures were 680 _+50 psia (4.69 x 106 -+0.3 x 106 N/m2).

The decrease in c* efficiency at the higher percentages of hydrogen may

be ascribed primarily to the corresponding decreases in combustion tem-

perature. The lower temperature decreases both the vaporization rate of

the lithium and the rate of diffusion of HF to the lithium droplet surface.

Achievement of complete lithium combustion requires that the lithium drops

burn by the "small droplet" mechanism, characterized by vapor phase re-

action in a detached combustion zone (Ref. 1). After the initial surface

reaction, the droplet is heated and vaporized by energy feedback from the

Li/HF flame front. Because the proportion of this thermal energy which

reaches _he lithium droplet surface decreases as the bulk gas temperature

decreases, the vaporization rate of the lithium would be correspondingly

lowered. At nominal conditions (Pc = 750 psia, 5.17 x 106 N/m 2, and F2/Li

mixture ratio = 2.74), bulk gas temperature decreases from about 4500 F

(2750 K) at 20-percent hydrogen to about 3400 F (2140 K) at 35-percent

hzdrogen (Ref. 1), and tile lithium vaporization rate decreases accordingly.

The lower bulk gas temperature at the high hydrogen percentage also de-

creases the diffusion coefficient of H_ in H2, which is roughly propor-

tional to the 3/2 power of the absolute temperature (Ref. 22). This cor-

responds to a decrease of about 45 percent ir. this factor between the

20- and 3S-percent hydrogen levels. The effect of high percentages of

hydrogen on c* efficiency was substantially lessened at the highest F2/Li

mixture ratio (Fig. 41). Bulk gas temperature, however, varies only

slightly with F2/Li mixture ratio at the 3S-percent hydrogen level (Ref. 1).

Consequently, the effect of the lowered gas temperature in this case is

apparently offset by the mass action effect of the large excess of HF.

The experimental results clearly demonstrate the feasibility of the fuel-

rich gas generator injection method. Together with the test results obtained

with the oxidizer-rich gas generator injection scheme, they indicate that

the expected level of c* efficiency if ali three propellants were injected

at the same axial position would be about 98 percent. The data obtained

with both injection methods also conf_rm the conclusion previously reached
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on the basis of the kinetics of the reactions involved (Ref. 1), namely,

that the final combustion chamber composition is the same whether the

lithium reacts with the fluorine, with the HF (formcd by F2/H 2 reaction),

or with both.

Although the data from the final test firing of Task I (Run No. 69-3)

are not reliable because of substantial mass addition arising from

erosion of the copper chamber liner, the c* efficiency observed at the

start of the first step of the firing, when the erosion was presumably

just beginning, may be used for an indication of the effect of decreased

gas injection velocity on combustion efficiency. On this basis, c* ef-

ficiency remained unchanged, at about 98 percent, when the gas injection

velocity was decreased from Hath 0.5 to Hach 0.25. The fact that apparently

no significant loss in c* efficiency resulted from the indicated tripling

of the volume mean lithium droplet diameter showed that the estimated sizes

(approximately 5 microns and 15 microns) were probably of the right order

of magnitude, based on combustion model calculations (Ref. I). Substanti-

ally smaller sizes were not likely to be formed under the injection condi-

tions, while the formation of substantially larger sizes would be reflected

in a change in c* efficiency.

THRUST CHAMBER HEAT TRANSFER

Experimental Res,aits

Heat flux measurements were made in the test firings of Tasks II and III

by the methods described in Appendix D. Chamber heat flux was determined

at four circumferential locations over the 4-inch (10.16-cm) water-cooled

segment immediately upstream of the nozzle (Fig. 35). Measurements in the

nozzle were made at a number of axial positions, from the start of con-

vergence to the exit.

Usable heat transfer data were obtained in five firings (three in Task II

and two in Task III), at a total of 14 test conditions. The data* are

"All heat flux data were taken during the final 0.4 second of each step
of the firing.
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summarized in Table 6, which includes both measured heat flux and com-

puted gas side heat transfer coefficients. The tabulated chamber heat

flux values are the averages of the four circumferential measurements,

as discussed below. Nozzle heat flux measurement locations are designated

by the respective area ratios. In three of the firings, chamber pressure

measurements were marginally reliable, because of plugging of the pressure

taps by condensed solids. These pressure data are enclosed in parentheses.

However, the tabulated pressures are well within the error limits required

for heat transfer correlations.

4

The heat fluxes measured in the tripropellant firings were influenced by

three important factors. These were: (I) condensation and deposition of

LiF and Li on the walls of the water-cooled combustion chamber segment

and in the upstream portion of the water-cooled nozzle section, (2) the

insulating effect of the thermal barrier presented by this coating, and

(3) axial heat flux to the water-cooled combustion chamber segment from

the graphite liner of the chamber section adjoining it (Fig. 55]. The

first two factors are inherent in Li/F2/H 2 combustion in a cooled-wall

chamber and will therefore be considered in the subsequent discussion

of Li/F2/H 2 heat flux. The third factor, however, is unrelated to Li/F2/H 2

combustion and resulted only from the experimental use of an uncooled,

graphite-lined, combustion chamber section between the lithium injectcr

and the water-cooled segment. Because the temperatures of the graphite

liner were much greater than those of the adjoining copper liner in the

water-cooled segment, heat flow from the graphite to the water in the

coolant passages caused an increase in measured combustion chamber heat

flux. The effect of this extraneous heat source is clearly shown in

Run No. 69-9, in which the water-cooled cylindrical chamber section was

not used and a graphite-lined combustion chamber was joined directly to

the water-cooled nozzle. Measured heat flux in the first nozzle passage

(Table 6) was nearly double that observed at similar test conditions when

the nozzle was joined to the water-cooled segment.

An estimate of the axial heat flux from the graphite liner to the water-

cooled combustion chamber section was made on the basis of the apparent
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rise in heat flux in this section during the initial F2/H 2 gas generator

operation which preceded the Li/F2/H 2 firing in each test. This rise

was ascribed to the gradually increasing temperature of the graphite

liner during the gas generator firing. The heat flux from this source

is shown as a function of firing time in Fig. 42, which also indicates

the effect of this extraneous heat source by showing combustion chamber

heat fiux during a typical test both as measured and after subtraction of

the heat flow from the graphite. (Faired lines are used for this illus-

tration.) The net values, representing radial heat flow from the com-

bustion products, will be taken as the experimental combustion chamber

heat fluxes in subsequent discussions.

Plots of measured heat flux against axial location in the thrust chamber

for eac,_ of the five steps of a typical test firing (Run No. 69-7) are

presented _n Fig. 43 through 47. Bar plots are used, to show the axial

distances covered by each measurement. The measurements made at the en-

trance to the convergent nozzle are not included in these plots because

a slight misalignment between the chamber and nozzle disturbed the local

boundary layer and resulted in erratic and u.._presentative heat flux

values in the first nozzle coolant passage.

In the pretest and posttest gas generator operation (Fig. 43 and 47, re-

spectively) and in the Li/F2/H 2 firings at nominal 20- and 25-percent

hydrogen (Fig. 44 and 45, respectively), nozzle heat flux increased in

the convergent section to a maximum immediately upstream of the throat,

then fell rapidly in the divergent section. However, at the nominal

35-percent hydrogen level (Fig. 46), heat flux at the throat decreased

sharply from the values £n the convergent nozzle, then rose immediately

downstream of the throat before decreasing again at larger area ratios.

These throat heat flux characteristics were observed in all tests at

the 5S-percent hydrogen level except one (Run No. 69-6, Step 3), in which

the heat flux followed the conventional pattern, as at 20-25 percent

hydrogen, with a maximum immediately upstream of the geometric throat.

/.%.
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Heat flux measurements in the 4-inch (10.2-cm) combustion chamber segment

were made at four circumferential locations. The axial cooling passages

at which the respective measurements were made were positioned as follows:

in line with the center of an injection element (i.e., in line with a

lithium orifice), midway between two injection elements (22.5 degrees

from a lithium orifice), 7 degrees from a lithium orifice, and 15 degrees

from a lithium orifice. In all tests, the maximum combustion chamber heat

flux occurred at the station directly in line with a lithium orifice and

the minimum was at the station 15 degrees from a lithium orifice. Varia-

tions of the maximum and minimum from the mean (approximately 10 to 12

percent) were not large enough to be of practical significance, so that

the average value in each step was considered to be the measured com-

bustion chamber heat flux.

The reproducibility of the experimental heat flux measurements is indicated

by a comparison of the data obtained during the gas generator operating

portions of separate firings. Test conditions prior to the start of

lithium flow were essentially constant in all firings, at the following

nominal values: Pc = 555 psia (3.85 x 106 N/m2), F2/lt 2 mixture ratio =

5.20, and _T = 5.75 lb/sec (1.70 kg/sec). Gas generator heat flux measure-

ments from the various firings, plotted in Fig. 48, are in good agreement

and show that the heat flux data were satisfactorily reproducible.

Discussion

Heat Flux Profiles. The heat flux profile, as used herein, is a plot of

the ratio of the measured heat flux at a given axial location to that at

the g_ometric throat againSt thrust chamber length. Any essential dif-

ferences between the heat flux characteristics of Li/F2/H 2 and those of

a typical high-energy bipropellant combination such as F2/H 2 would be

disclosed by a comparison of the respective heat flux profiles obtained

in the same test hardware, because the effects of varying chamber pres-

sure and temperature are normalized out by this procedure. This com-

parison is shown for a typical test (Run No. 69-7) in Fig. 49, in which
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are plotted the heat flux profiles during the pretest F2/lt 2 gas generator

firing and the first step of the Li/F2/H 2 test (nominal 20-percent hydrogen).

The heat flux profile during the second Li/F2/H 2 step (nominal 25-percent

hydrogen) is very similar to that at the first, but in the third step

(nominal 35-percent hydrogen) the profile is completely different, because

of the extremely low heat flux at the throat. The profiles are shown to

an expansion ratio of 4, because beyond this point they are all alike and

the ordinate values fall below 0.I

At the 20- and _'-percent hydrogen levels in the Li/F2/H 2 tripropellant

combination, the Li/F2/H 2 and F2/H 2 heat flux profiles are essentially

identical at the throat region and in the divergent portion of the nozzle.

In the combustion chamber and at the start of nozzle convergence, the

Li/F2/H 2 heat flux levels are substantially higher than those of F2/H 2.

This is the region in which significant deposition of solids on the chamber

walls was observed. An estimate of the heat flux due to wall condensa-

tion was made by assuming tha_ the coating (approximately 80:20 LiF/Li

by weight) was deposited from the gas phase at a uniform rate over the

duration of the lithium flow, to the 'measured final thickness (0.12

inch_ 3.0 mm). Lithium fluoride was assumed to condense to the solid

phase and lithium to the liquid, because its melting point is less than

the wall temperature. The estimated heat flux caused by condensation on

the chamber wall is approximately 5 8/in.2/sec (8 x 106 W/m2), which

nearly accounts for the observed heat flux increase at the start of lithium

combustion (Fig. 42).

Besides serving as a source of heat flowing into the chamber wall, the

deposited coating also constitutes a thermal barrier which eventually

decreases the heat flux from the combustion gases to the water-cooled

chamber segment. This is similar to the decrease resulting from the

deposition of carbon on the walls of hydrocarbon-burning chambers (Ref.

23). The effect of this barrier is seen in the decreasing actual heat

flux during each step of the Li/F2/H 2 firing as the coating builds up,

and in the significantly lower combustion chamber heat flux in the

posttest gas generator firing compared to the pretest value (Fig. 42).
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Hffect of H[drogen Proportion on Heat Flux. A significant qualitative

difference exists in the nature of the Li/F2/H 2 combustion products at

the 20- to 25-percent hydrogen level compared to the 35-percent level.

At 20- to 25-percent hydrogen, condensation in the bulk flow does not

begin until downstream of the throat, so that only gas-phase flow occurs

in the combustion chamber, convergent nozzle, and throat region. At 35-

percent hydrogen, however, a substantial portion of the product LiF is

condensed in the ombustion chamber, so that two-phase flow exists through-

out the engine (Fig. 58 and 59). This difference will be further described

in the discussion of altitude performance.

Thrust chamber heat fluxes measured at the two hydrogen levels (20 to 25

percent and 35 percent) are also qualitatively different, particularly

in the region of the throat. This is shown in Fig. 50 by data from a

typical test (Run No. 69-7) in which measured heat fluxes in the pretest

F2/H 2 firing and in all three Li/F2/H 2 steps are plotted. All values

have been normalized to the chamber pressure of Step 2 (700 psia, 4.83

x 106 N/m2). The curves for the F2/H 2 firing and for the Li/F2/H 2 steps

at nominal 20- and 25-percent hydrogen are similar and follow the custom-

ary increase in the convergent nozzle to a maximum at the sonic point

immediately upstream of the geometric throat, while the heat flux in the

third Li/F2/H 2 step, at nominal 35-percent hydrogen, shows a minimum at

the throat region. The anomalous behavior at the highest hydrogen level

may be _ed by the existence of two-phase flow in the transonic region,

or the large excess of hydrogen may affect the heat flux in that region

because of local reiaminarization of the boundary layer.

.,.'%.

Effect of F2/Li Mixture Ratio on Heat Flux. Heat flux in the combustion

chambe_ and the maximum heat flux values in the throat region (at a point

slightly upstream of the geometric throat) are plotted as functions of

F2/Li mixture ratio in Fig. 51. In the combustion chamber, heat flux

varies inversely with F2/Li mixture ratio at each of the three levels

of hydrogen percentage, whereas, at the throat, heat flux at the 20- and

25-percent hydrogen levels varies directly with F2/Li mixture ratio. At

35-percent hydrogen, heat flux at the throat is much lower than it is at
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the lower hydrogen levels with F2/Li mixture ratios below 5.8, but at

F2/Li mixture ratio of 4.16, the heat flux is comparable to those at

lower hydrogen percentages.

Heat Transfer Correlations. A convenient and widely used method of esti-

mating nozzle heat flux is by means of a turbulent pipe-flow correlation

such as that of Bartz (Ref. 5). Although this correlation (Eq. 4) is

applicable only to the nozzle, it is frequently extended by assuming that

combustion chamber heat flux is equal to that calculated at the entrance

to the convergent nozzle. Because reliable prediction of hea_: flux in a

rocket engine combustion chamber is not yet possible, this extension is

useful for making comparisons between different propellant combinations

and operating conditions.

A recent comparison of experimental heat transfer coefficients obtained

from a wide variety of propellant combinations and nozzle geometries with

those calculated from the Bartz equation showed that, in general, the pre-

dicted coefficients are significantly larger than the experimentally

determined values (Ref. 24). The lower experimental coefficients are

attributed to the effects of the pressure gradient and flow acceleration

on the velocity and thermal gradients in the nozzle boundary layer. If

the contraction ratio is such that a well-developed boundary layer is

present in the combustion chamber immediately upstream of the nozzle,

and if this zone is sufficiently removed from the injection and primary

combustion zones, the heat transfer coefficient in this region of the

combustion chamber is frequently in good agreement with the Bartz pre-

diction. However, if the contraction ratio is high, the accompanying low

gas velocity near the nozzle entrance, inadequate boundary layer develop-

ment, and substantial recirculation result in increased combustion chamber

heat flux. Such high heat flux (relative to Bartz equation predictions)

is generally observed in high contraction ratio combustion chambers with

various propellants (Ref. 25) and, in particular, with F2/H 2 (Ref. 26).

The experimental heat transfer coefficients obtained in a typical pretest

F2/H 2 gas generator firing (Run No. 69-7) are compared with those calculated
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from the Bartz equation in Fig. 52. As would be expected in the large

contraction ratio thrust chamber employed (gc = 11.5), tile experimental

heat transfer coefficient in the combustion chamber is substantially

greater than the Bartz prediction. Beyond the nozzle entrance region,

the calculated values become equal to, then greater than, the experimental.

At the throat, the difference is approximately 25 percent. The F2/H 2 data

provide a base for comparison of the Li/F2/H 2 heat transfer coefficients

with the corresponding Bartz values. These are shown in Fig. 53 for the

20- and 25-percent hydrogen steps of Run No. 69-7. The 35-percent hydrogen

data are not included because the "abnormally" low throat heat flux in

this case is directly inconsistent with turbulent pipe flo_ predictions.

Except for the high heat flux coefficients in the combustion chamber and

in the upstream portion of the convergent nozzle caused by condensation

and deposition of the wall coating, the curves for Li/F2/H 2 are very

similar to those of F2/H 2. Although the Bartz values of the heat transfer

coefficient at the 25-percent hydrogen level are slightly larger than

those at 20-percent hydrogen, the experimental values at 25 percent are

lower than at 20 percent. This is characteristic of the tripropellant

combination, because an increase in hydrogen percentage was always ac-

companied by an abrupt drop in measured heat flux throughout the thrust

chamber. The wall coating downstream of a point about midway between

the start of nozzle convergence and the throat consisted of an extremely

thin, porous, layer of fluffy LiF which apparently had little affect on

the heat transfer characteristics.

The combustion chamber heat transfer coefficients in the F2/H 2 firings

were approximately 2.3 times the Bartz values (Fig. 52), reflecting, at

least in part, the high contraction ratio of the test hardware. For the

Li/F2/H 2 fi_ings, the corresponding ratios of measured-to-predicted com-

bustion chamber heat transfer coefficients were 4.7, 2.5, and 1.7 at

20-, 25-, and 35-percent hydrogen, respectively. The high contraction

ratio effect remained, together with the decreasing effect of condensa-

tion on the wall and increasing effect of the condensed phase thermal

barrier. At the nozzle throat, the experimental heat transfer coeffic-

ients were less than the 8artz predictions, The measured-to-predicted
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ratios were 0.8 and 0,6 for Li/F2/tt 2 at 20- and 25-percent hydrogen,

respect ively.

ALTITUDE PERFORMANCE

I

Experimental Results

Altitude performance data for the Li/F2/I{ 2 tripropellant combination were

obtained with a 60:1 area ratio nozzle which was joined to a self-starting

exhaust diffuser (Appendix G). Four firings were carried out in this

series, each cunsisting of three discrete steps. However, in two of the

firings and in the final step of a third, no usable performance data were

obtained because of erosion of the water-cooled chamber or nozzle liner,

which permitted water flow into the thrust chamber. -Experimental results

of the five tests in which good data were obtained are summarized in

Table 7. The helium purge through the chamber pressure taps which was

used to prevent their blockage by condensed solids did not function in

Run No. 69-9. Chamber pressures in the two tests of this firing were

derived from pressur0 measurements in the gas generator and are there-

fore enclosed in parentheses. Although the uncertainty in these chamber

pressure values (maximum error is about 3 percent) did not permit reliable

determinations of c* to be made, the specific impulse efficiencies were

not affected because of the very small variation of specific impulse with

chamber pressure (0.008 sec/psia, i.I x 10-5 N/kg/sec per N/m2). Any

possible resulting error in the theoretical specific impulse upon which

the I efficiency is based would be insignificant.
S

The performance parameters listed in Table 7 were calculated by the methods

described in Appendix A. Thrust values were obtained in two ways, one

based on load cell measurements and the other on nozzle pressure profiles

(Appendix C), with good agreement between the two methods (Fig. 54). The

corresponding vacuum specific impulse efficiencies were averaged to obtain

the measured, uncorrected, values at each test condition. These are plotted

in Fig. 55. The Is efficiencies at both F2/Li mixture ratios (2.5 and 3.0)

fall on the same curve, which ranges from approximately 92 percent at the
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20-percent hydrogen level to approximately 95 percent at 3S-percent

hydrogen. Maximum measured, uncorrected, vacuum specific impulse was

510 lbf/lbm/sec (5001 N/kg/sec) at F2/Li mixture ratio of 3.0 and nominal

3S-percent hydrogen; at 2S-percent hydrogen, the measured, uncorrected,

vacuum specific impulse was 506 lbf/lbm/sec (4962 N/kg/sec) and at 20-

percent hydrogen, it was 486 ibf/ibm/sec (4766 N/kg/sec).

In all of the altitude simulation firings, full flow was established in

the 60:1 area ratio nozzle as soon as lithium combustion began. This is

shown by comparison of the measured and theoretical nozzle pressure pro-

files, as illustrated in Fig. 56 for a typical test. During the pretest

and posttest F2/H 2 gas generator operation without lithium, however, the

flow separated near the nozzle exit (Fig. 57) because of the lower chamber

pressures under these conditions.

Discussion

I Efficiency and Two-Phase Flow. Performance losses resulting from two-
s

phase flow arise mainly from particle/gas thermal and velocity lags. Be-

cause these lags develop near the throat and remain nearly constant there-

after, the presence or absence of a condensed phase in the transonic region

determines whether two-phase flow losses might be significant. Further,

the magnitude of the lags is essentially determined by the size of the

particles entering the nozzle (Ref. 12). Two-phase flow losses are

relatively low if the particles are initially small (typically, 1 micron

or less in diameter) and do not grow significantly during the expansion

process. Any condensation which occurs downstream of the transonic region

generally has only a minor effect on performance (Ref. 17).

The weight percent of condensed material in the Li/F2/H 2 combustion products

varies widely over the experimental ranges of hydrogen proportion and

F2/Li mixture ratio (Fig. 58 and 59). Near the stoichiometric mixture

ratio, the weight of condensed material il, the combustion chamber and at

the throat increases from zero (at 25-percent hydrogen, or less) to 30

to 40 percent Cat 35-percent hydrogen). It would therefore be expected
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that the substantial quantities of _ondensed material present in the

critical transonic region at the 35-percent hydrogen level would be

accompanied by two-phase flow losses not apparent at the 20- to 25-

percent hydrogen levels. However, measured specific impulse efficiency

remained constant as the proportion of hydrogen in the tripropellant

combination was raised from 25 to 55 percent (Fig. 55). It therefore

appears that the lower heat flux loss accompanying the increase in hydro-

gen percentage was essentially compensated by the higher two-phase per-

formance loss. For hydrogen proportions between 20 and 25 percent, two-

phase flow in the throat region is not a significant performance factor;

hence, the higher heat loss observed at the lower hydrogen flowrate is

reflected in decreased specific impulse efficiency (Fig. 55), with no

compensating effects due to two-phase flow.

As a result of incomplete combustion and/or operation at substoichiometric

F2/L£ mixture ratio levels, some unreacted lithium may enter the nozzle.

Theoretical performance calculations showed that, in the present tests,

conditions were such that no lithium condensation would occur either in

the chamber or in the nozzle. However, at low F2/Li mixture ratios

(e.g., 2.25) and high hydrogen percentages (e.g., 35 percent), lithium

condensation would begin immediately downstream of the throat, a.:d, under

these conditions, both the Li and the LiF particles might affect p_rformance.

Analytical calculations of performance losses involving two-phase flow

(Ref. U to 19) are =ritically dependent upon the mass median particle

size of the condensed phase. Because theoretical predictions of part-

icle sizes are not yet possible and reliable experimental particle size

measurements are extremely difficult to make, such analytical performance

calculaticns are most productively used in rtverse, that is, to estimate

particle sizes from measured performance efficiencies. Computations of

this type were carried out for the Li/F2/H 2 tests (Appendix F). Indicated

condensed phase mass median particle diameters were on the order of 0.5

to 1.0 micron, reflecting the apparent comparatively low lag losses which

were observed (Ref. I_).
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Deliverable Specific Impulse. The performance factor of primary practical

interest derived from the altitude simulation firings is the vacuum specific

impulse actually deliverable by a thrust chamber of the type tested but

cooled regeneratively by liquid hydrogen. Recent Li/F2/lt 2 engine system

studies (Ref. 27) have indicated that regenerative cooling with liquid

hydrogen would be used in all feasible pump-turbine power cycles appro-

priate to this tripropellant combination. For each test condition, there-

fore, the experimentally measured, uncorrected, specific impulse efficiency

was used to calculate the deliverable vacuum specific impulse by the pro-

cedure described in Appendix A. The results are shown in Fig. 60. Of

the five test conditions, the highest vacuum specific impulse (509 Ib£/

Ibm/sec, 499! N/kglsec) would occur at 2S-percent hydrogen and 2.96 F2/L£

mixture ratio. This high value reflects the correspondingly high level

of measured specific impulse efficiency. The lower deliverable specific

impulse at F2/Li mixture ratio of 2.5 corresponds to lower theoretical

values.

The experimental results may also be extrapolated to the case of a re-

generatively c_led LLi/LF2/LH 2 engine at the following conditions:

Pc = I000 psia (6.89 x 106 N/m2), F2/Li mixture ratio = 2.74, H2 = 25

percent, bell nozzle with E = I00. Assumin E an 0.8-power variation of

heat flux with chamber pressure and the same specific impulse efficiency

as experimentally measured (94.7 percent), estimated deliverable vacuum

specific impulse under the given conditions is 523 Ibfl_bm/_ec (5129

N/kg/sec).

i
I

i
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CONCLUDING REMARKS

This report presents the results of a three=part program in which the

study of the Li/F2/H 2 tripropellant combination begun in an earlier invest-

igation (reported in NASA CR-72325) was continued and extended. The three

parts of the present program were concerned with propellant injection

methods, thrust chamber heat flux, and simulated altitude performance with

a 60:1 area ratio nozzle.

It was found that with an oxidizer=rich gas generator, injection of the

hydrogen at 1 inch (2.54 cm) from the lithium injector gave corrected c*

efficiencies of approximately 98 percent. The same c* efficiencies were

also obtained with a fuel-rich gas generator. These results indicate that

this level of c* efficiency would be expected if all three propellants

were injected at the same axial location. They also make available alter-

nate methods of tripropellant injection for consideration in engine designs

Measured Li/F2/H 2 heat flux levels in the thrust chamber nozzle were some=

what below those predicted by the Bartz simplified equation. In the com-

bustion chamber and at the entrance region of the convergent nozzle, the

heat transfer characteristics were complicated by the presence of a layer

of condensed material deposited on the walls. This coating had two oppos-

ing effects on heat flux: an increase, due to the heat of condensation,

and a reduction, due to the thermal barrier formed after deposition.

The high contraction ratio of the experimental hardware increased combus-

tion chamber heat flux in two ways, first, by the generally observed en-

hancement resulting from high contraction ratio and second, by the increase

in chamber wall coating resulting from the low gas velocity in this region.

Both these effects are expected to be reduced in thrust chambers with more

conventional contracticn ratios. In any event, the heat flux measurements

showed that regenerative cooling would be quite feasible for a Li/F2/lt 2

engine.
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The altitude simulation tests with the 60:1 area ratio nozzle showed con-

clusively that the high theoretical performance of the Li/F2/H 2 tripropel-

lant combination can be approached in experimental firings. Actual, un-

corrected specific impulse efficiencies of approximately 95-percent were

measured at nominal test conditions (Pc = 700 psia, 4.83 x 106 N/m 2,

F2/Li HR = 3.0, H2 = 25 percent). This corresponds to a vacuum specific

imFulse of about 510 to 520 Ibf/Ibm/sec (4991 to 5100 N/kg/sec) deliver-

able by an engine regeneratively cooled with liquid hydrogen, depending

upon the actual design. The experimental results confirm the earlier

indications, obtained in the c* efficiency measurements, that the presence

of two-phase flow has only minor effects on Li/F2/H 2 performance. At

hydrogen levels of 25 percent or less, condensation in the bulk flow be-

gins downstream of the throat and hence has little effect on performance;

at 3S-percent hydrogen, where a condensed phase is present throughout the

thrust chamber, indicated particles sizes are small enough so that two-

phase flow losses remain low.

The present program has advanced the technology of the Li/F2/H 2 tripropel-

lant combination by experimental demonstration of a simplified injection

method, by determination of thrust chamber heat flux, and by demonstration

of the high specific impulse efficiencies (i.e., low expansion losses)

attainable with a 60:1 expansion ratio nozzle. Consideration can now be

given to the application of this technology to practical Li/F2/H 2 thrust

chamber design concepts.
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TABLE 1

LITHIUM INJECTION TUBE ORIFICE TIPS

USED IN RUN NO. 69-9

Injection
Tube

No.

1

2

3

4

S

6

7

8

Orifice

Tip
Material

321 SS

Ni 270

321 SS

Ni 270

Tantalum

321 sq

321SS

321SS

Pretest

Length

in. cm

0.43

0.43

0.67

0.67

0.43

0.43

1.09

1.09

1.70

1.70

1.09

1.09

(with O.O1S in.,

0.4 mm, gap around
tip)

0.43 I 1.09

(with Ni sleeve

around tip)

0.43 I 1.09

(with "Saureisen"

around tip)

Posttest

Length

.

in. C_

0.20 0.Sl

O.16 0.41

0.35 0.89

O. 25 0.64

0.43 1.09

0.16 0.41

0.20 O.Sl

0.20 0.51



J

.L._ _

_1_
d,

I,I ;,I M

° _' '8

0 0

84



¢t

u)

Z

o

I

o I_h ¢_

¢h ¢h

_ oO I_- oO oD I_

o t_

f_ oo oo

•_ ¢h oo

¢)

I_ I_ I_

¢)

I_ tch

I_.

o'I=

-_ o
¢_1 ¢_1 ¢_1

85



) ]

!

TABLE 4

TEST DATA SUI_tARY, CHARACTERISTIC VELOCITY EFFICIENCY,
OXIDIZER-RICH GAS GENERATOR INJECTION HETHOD

F2/Li Combustion Chamber Length = 1.0 inch (2.54 cm)

Run No. 68-2

Combustion Chamber Length, in. 12

30.5cm

Step No. 3

OLF2, lb/sec
kg/sec

OLi' lb/sec

kg/sec

OGH2(main), lb/sec
kg/sec

OGH2(GG), Ib/sec
kg/sec

_T' lb/sec

kg/sec

H2, percent

F2/Li Mixture Ratio

Pc' psia

106 N/m 2

F (sea level), lbf

N

c* (measured), ft/sec

m/sec

fTOTAL (1)

_TOTAL (2)

[nc, ] p(COrrected), percent
c

i 2

2.48 2.37

1.13 1.07

1.21 i.03

0.55 0.47

0.82 1.14

0.37 0.52

0.005 0.005

0.002 0.002

4.52 4.54

2.05 2.06

18.5 25.2

2.05 2.30

457 487

3.15 3.36

1468 1594

6530 7090

7835 8354

2388 2546

2.26

1.02

0.93

0.42

1.54

O. 70

0.005

0.002

4.73

2.15

32.6

1.009 1.008

1.035 1.032

68-3

22

55.9

1 2

2.68 2.61

1.22 1.18

O.94 O.80

0.43 O. 36

0.83 1.15

0.38 0.52

0.005 0.005

0.002 0.002

4.46 4.57

2.02 2.07

18.8 25.4

2.86 3.25

424 467

2.92 3.22

1426 1584

6343 7046

7778 8441

2371 2573

1.013

1.040

g2.4 97.4

2.43

524

3.61

1729

7691

8720

2658

3

2.45

1.11

0.97

0.44

I.S6

0.71

0.005

O. 002

4.98

2.26

31.4

2.53

516

3.56

1767

7860

8643

2634

1.010 1.010

1.037 1.035

1.007

1.032

96.8 98.5 98.2 97.6

nc*]F (corrected), percent 94.9 96.8 96.8 90.7 95.1

= .

(1)Total correction applicable to measured characteristic velocity.

(2)Total correction applicable to measured thrust.

95.1
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TABLE 5

TEST DATA SUb_4AR!

CHARACTERISTIC VELOCITY EFFICIENCY, FUEL-RICH

Task No. I

Run No. 68-9 68-10 68-11 69-1

Chamber Length, in.

¢m

30 15

76.2 38.1

Step No. 1 2 1 2 3

_LF2, lb/sec J2.52 2.35 2.58 2.40 2.23

kg/Sec 1.14 1.07 1.17 1.09 1.01

eLi' lb/sec 1.05 0.97 0.45 0.49 0.45

kg/sec 0.48 0.44 0.21 0.22 0.21

CGH2, lb/sec 0.88 1.22 0.89 1.23 1.66
kg/sec 0.40 0.55 0.40 0.56 0.75

15

38.1

2 3

2.41 2.32

1.09 1.05

1.05 0.91

0.48 0.42

1.25 1.69

0.57 0.76

6T' lb/sec 4.45 4.54 3.92 4.12 4.34

kg/sec 2.02 2.06 1.78 1.87 il.97

H2, percent 19.7 26.8 22.6 29.8 38.2

F2/Li Mixture Ratio 2.3_ 2.42 5.73 4.86 4.93

Pc' psia 639 677 574 628 666

106 N/m 2 4.41 4.67 3.96 4.33 4.59

F (sea level), lb_ 1495 1585 1363 1477 1559

N 6650 7050 6063 6570 6935

c* (measured), ft/sec 7988 8341 8255 8603 8653

m/seQ 2435 2542 2516 2622 2637

4.71 4.92

2.14 2.23

26.5 34.3

2.29 2.53

698 734

4.81 5.06

1674 1771

7446 7878

8479 8576

2584 2614

7

17.8

1 2

2.53 2.36

1.15 1.07

1.11 1.04

O. 50 0.47

0.92 1.28

0.42 0.58

4.56 4.68

2.07 2.12

20.1 27.3

2.28 2.27

630 663

4.34 4.57

1562 1659

6948 7380

8061 8329

2457 2539

fTOTA L ( 1 )

OTOTAL (2)

[nc*]P c (corrected). percent 96,8

[nc,]F (corrected), percent 96.1

1.024 1.017 1.017 1.013 1.008 1.008 1.006 1o003 1.005

1.064 1.052 1.043 1.040 1.036 1.033 1.030 1.029 1.030

96.9 97.0 98.5 97.4 98.4 95.2 96.2 96.2

95.1 95.6 95.8 94.8 95.9 92.9 95.6 95.4

(1)Total correction applicable to measured characteristic velocity

(2)Total correction applicable to measured thrust

FOLOOUTFe MeI
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_-RICH GAS GENERATOR INJECTION METHOD

II III

69-] 69-2 69-5 69-7

7 15 9 9

17.8 38.1 22.9 22.9

2 3 1 2 3 1 2 3 1 2 3

2.36 2.19 2.74 2.57 2.43 2.72 2.58 2.33 2.66 2.52 2.29

1.07 1.00 1.24 1.17 1.10 1.23 1.17 1.06 1.20 1.14 1.04

1.04 1.00 i 0.98 0.91 0.82 0.94 0.85 0.75 0.90 0.85 0.74

0.47 0.45 0.44 0.41 0.37 0.42 0.39 0.34 0.41 0.39 0.33

1.28 1.73 0.94 1.26 1.72 0.90 1.12 1.56 0.90 1.12 1.56

0.58 0.78 0.43 0.57 0.78 0.41 0.51 0.71 0.41 0.51 0.71

4.68 4.92 4.66 4.74 4.97 4.56 4.55 4.64 4.46 4.49 4.59

2.12 2.23 2.11 2.15 2.26 2.07 2.07 2.10 2.02 2.04 2.08

27.3 35.1 20.2 26.6 34.6 19.8 24.6 33.7 20.3 24.9 34.1

2.27 2.20 2.79 2.84 2.95 2.91 3.02 3.10 2.97 2.96 3.10

663 682 640 679 704 680 696 730 669 700 757

4.57 4.70 4.41 4.68 4.85 4.69 4.80 5.03 4.61 4.83 5.2 2

1659 1729 1653 1761 1847

7380 7691 7353 7833 8216

8329 8199 8213 8596 8534 8190 8390 8635 8190 8419 8814

2539 2499 2503 2620 2601 2496 2557 2632 2496 2566 2687

1.005 1.003 1.009 1.006 1.007 1.034 1.029 1.014 1.035 1.029 1.018

1.030 1.026 1.030 1.032 1.030

96.2 92.5 96.2 98.0 94.1 97.5 97.7 96.3 97.5 98.1 98.6

95.4 92.5 96.6 98.4 95.2
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Task No.

Run NO.

Step No.

Pc, psia

106 N/m 2

_F' Ib/sec

kg/sec

H2, percent

F2]Li MR

TABLE 6

SUHHARY OF HE4T TRANSFER DATA

A. Test Paraseters

i1 I III

69-4 69-5 69-6

1 2 3 1 2 3 1 2

(664) (674) (739) 680 696 730 (624) (6541

(4.581 (4.65) (S.|O) 4.69 4.80 5.03 (4.30) (4.Sl1

4.34 4.40 4.$2

1.97 1.99 2.05

20.S 25.2 34.1

3.84 3.77 3.72

4.56 4.55 4.64 4.11 4.18 4.41

2.07 2.07 2.10 1.86 1.89 2.00

19.8 24.6 33.7 21.8 26.7 35.2

2.91 "_.02 3.10 4.70 4.71 4.16

B. Area Ratio Variation With Axial Distance

Distance From

Injector Face

in. I ca

Combustion Chambe

9.6 24.4

10.2 2S.9

12.0 30.5

14.3 36.3

IS.O 38.1

15.4 39.1

15.9 40.4

16.3 41.4

Contra_t ion

Patio

ll.S

10.3

8.8

5.3

2.2

1.6

1.2

1.03

1.0

Distance Fro.,

Injector Face

in, ca

16.8 42.7

17.2 43.7

17.7 45.0

18.3 46.S

19.6 49.8

24.7 62.7

26.4 67.1

27.8 70.6

29.2 74.2

30.2 76.7

31.5 80.0

33.4 84.8

34.8 88.4

69- 7 69-9

3 1 ? 3 1 2

(715) i 669 700 757 (695) (725)
I

(4.93) 4.61 4.83 5.22 (4.791 (5.001

4.46 4.49 4.59 4.62 4.63

2.02 2.04 2.38 2.10 2.10

20.3 24.9 34.1 18.9 23.5

2.97 2.96 3.10 2.45 2.47

Expansion
Ratio

1.1

1.4

1.8

2.5

4.0

15.0

20.0

25.0

30.0

35.0

40.0

50.0

57.0

SS



TABLE 6

(Continued)

Run NO.

Step No.

A/A t

ll.S

(Chmber)

10.3

8.8

5.3

2_2

1.6

C. Measured Heat Flux

69-4 69-5 69-_ 69-7 69-9

1 2 3 1 2 3 1 2 3 1 2 3 1 2

Q/A

B/in.2/sec 13.2 11.3 9.8 16.8 14.0 12.1 12.7 11.2 10.8 15.3 12.9 11.2

106 W/m2 21.6 18.5 16.0 27.5 22.9 19.8 20.8 18.3 17.6 25.0 21.1 18.3

B/in.2/sec 14.1 14.1 13.9 17.9 15.2 7.7 14.5 12.5 14.0 17.7 15.3 14.9 27.0 25.4

106 W/n 2 23.0 23.0 22.7 29.2 24.8 12.6 23.7 20.4 22.9 28.9 25.0 24.3 44.1 41,5

8/in.2/see 12.3 10.7 4.6 10.3 9.3 9.4 11.8 10.2 8.8 13.4 11.1

106 W/m2 20.1 17.5 7.S 16.8 15.2 15.4 19.5 16.7 14.4 21.9 18.1

B/in.2/sec 13.7 14.7 11.4 13.4 11.6 8.8 10.2 8.8 8.3 13.6 11.6 8.6 15.7 12.6

106 W/m2 22.4 24.0 18.6 21.9 19.0 14.4 16.7 14.4 13.6 22.2 19.0 14.1 25.7 20.6

B/tn.2/sec 16.2 [13.7 9.0 16.5 13.4 9.7 13.8 11.7 9.7 16.2 14.0 9.6 17.6 14.2

106 W/a 2 26.5 22.4 14.7 27.0 21.9 15.8 22.5 19.1 15.8 26.5 22.9 15.7 28.8 23.2

8/in.2/sec 17.1 14.7 9.0 ]5.8 13.8 9.8 15.7 14.0 11.2 16.2 14.1 9.7 1S.O 13.0

106 W/n 2 27.9 24.0 14.7 25.8 22.5 16.0 2_.7 22.9 18.3 26.5 23.0 15.8 24.8 21.2

1.2

1.03

1.00

1.1

B/tn.2/sec 20.1 18.4 9.5 18.1 16.2 10.7

106 W/I 2 32.8 30.1 15.5 29.6 26.5 17.5

B/In,2/se¢ 20.0 19.0 6.9 17.6 17.8 7.7

106 W/a 2 32.7 31.0 11.3 28.8 29.1 12.6

8/in.2/sec 18.3 17.8 S.O 15.7 17.1 5.0

106 W/m2 29.9 29.1 8.2 25.6 27.9 8.2

B/in.2/sec 18.1 17.8 4.8 15.8 17.0 4.7

106 W/a 2 29.6 29.1 7.8 25.8 27.8 7.7

19.3 18.9 16.8 18.4 16.7 10.5 17.8 IS.l

31.5 30.9 27.5 30.1 27.3 17.1 29.1 24.7

20.3 19.8 19.2 17.5 16.S 7.5 16.7 13.0

33.2 32.3 31.4 28.6 27.0 12.2 27.2 21.2

19.1 18.9 17.9 16.5 15.4 4.7 14.9 10.8

31.2 30.9 29.2 26.6 25.2 7.7 24.3 17.6

17.7 17.4 16.9 16.0 15.7 4.0 14.3 9.3

28.9 28.4 27.6 26.1 25.6 6.5 23.4 15.2

1.4

1.8

?.5

4.0

IS.O

20.0

23.0

30.0

35.0

40.0

50.0

87.0

8/ln.2/se¢ 14.2 1_.8 9.1 13.9 13.6 10.5 12.8 !13.0 12.5 13.6 13.2 5.8 12.3 7.2

106 W/m2 23.2 22.5 14.9 22.7 22.2 17.1 20.9 21.2 20.4 22.2 21,6 9.8 20.1 11.8

B/in.2/sec 10.2 10.2 11.6 9.9 9.7 12.S 9.8 10.1 9.5 10.2 9.9 11.7 9.9 5.9

106 W/m 2 16.7 16.7 19.0 16.2 15.8 20.4 16.0 16.5 15.5 16.7 16.2 19.1 16.2 9.6

B/ln.2/sec 8.9 9.6 8.5

106W/m 2 14.5 15.7 13.9

811n.21sec

106 W/m2

Slin.21sec

106 WIm2

Blin.21sec

I06W/m 2

8/ln.2/sec

106w/=2

|/ln.2/se¢

106 W/m2

|/ln.2/se¢

1o6 ./,z

|/in.2/sec

106 W/n 2

I/ln.21se¢

106 W/n 2

l/ln.2/sec

:o6 w, 2

1.7 1.6 1.2 2.5 2.7

2.8 2.6 2.0 4.1 4.4

0.5 0.8 0.6 0.6 0.9

0.8 1.3 1.0 |,0 1.8

0.5 0.6 O.S O.S 0.7

0.8 1.0 0.8 0.8 1.1

0.5 0.5 0.4 0,6 O.S

0.8 0.8 0.7 1.0 0.8

0.4 0.4 0.4 0.8 O.S

0.7 0.7 0.7 0.8 0.8

0.4 0.4 0.4 0.4 O.S

0,7 0.7 0.7 0.7 0.8

0.3 0.3 0.3 0.4 0.4

0.5 O.S 0.3 0.7 0.7

0.3 0.3 0.3 0.3 0.3

O.S O.S O.S 0.5 O.S

0.2 0.2 0.2 0.3 0.3

0.3 0.3 0.3 O.S O.S
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TABLE6

(Concluded)

I

RLm NO.

Step NO.

A/A t

ll.S

(Ch_lber)

10.3

8.0

5.3

2.2

1.6

1.2

1.0_

1.0)

1.1

1.4

1.8

2.5

4.0

15.0

20.0

25.0

30.0

35.0

40.0

SO.O

ST.O

hg

10 -3 B/in. 2/sec/R 4.05

103 W/m2/K 11.9

10 -3 8/in.2/sec/R 3.98

105 M/m2/v 11.7

10 -3 B/in.2/sec/R

lO3 w/,2/x

10 "3 B/Ln.2/sec/R 3.92

105 W/a2/K il.5

10 .3 B/in. 2/sec/R 4.56

103 w/m2/E 13.4

10 .3 B/in. 2/sec/R 4.88

105 M/m2/I_ 14.4

10 -3 R/in. 2/sec/R 5.89

103 W/m2/K 17.3

10 .3 B/in. 2/sec/R 5.70

103 W/m2/K 16.8

10 -3 B/in.2/secPR 5.40

103 W/m2/K 15.9

10 -3 B/in. 2/se¢/R 5.18

105 N/m2/K 15.2

10 .3 B/in. 2/sec/R 4.10

103 W/m21K 12.1

10 .3 B/in.2/sec/R 2.84

103 W/m2/K 8.36

10-3 B/in. 2/seclR 2.49

105 W/m2/K 7.33

10 -3 B/j.n.2/mec/R

103 Wm2/8

10-5 |/In.2/sec/R

lO5 wm218

10 -3 D/|n.21sec/R

lOs ./=2/x

IO "3 B/tn.21sec/R

105 W/12/8

lO "3 B/Ln.21secI8

105 Wm2/K

10 "5 8/in 2/se¢/R

10 $ lelm2/K

10"3 D/ln.2/sec/R

10 $ llI21K

10"3 i/ln.2/$w/R

10$ Wlm2/x

10 .3 llin. 2/Hc/R

10$ Olu2/8

0. Heat Transfer Coefficients

69-4 69-5 69-6 69-7 69-9

1 I 2 3 1 2 3 1 2 3 1 2 3 1 2

3.62 4.14 5.12 4.69 5.18 3.72 3.66 4.28 4.52 3.25 4.61

10.7 12.2 15.1 15.8 15.2 10,9 10.8 12.6 13.3 9.6 13.6

4.24 5.41 4.98 4.59 2.80 3.91 3.75 5.05 J 4.83 3.59 5.54 7.63 7.70

12.5 15.9 14.7 13.5 8.24 11.5 11.0 14.9 14.2 10.6 16.5 22,4 22.7

3.36 3.17 1.64 2.76 2.74 3.33 3.17 2.37 3.16 5.59 3.15

9.89 9.32 4.82 8.12 8.06 9.80 9.32 6.97 9.30 10.6 9.27

4.56 4.43 3.77 3.$6 3.29 2.77 2.64 2.96 3,76 2.76 5.16 4.32 5.64

13.4 13.0 11.1 10.5 9.68 8.15 7.77 8.71 11.1 8.12 9._0 12.7 10.7

4.04 3.29 4._ 4.04 3.56 3.74 3.49 3.38 4.41 3.29 3.43 4.75 4.08

11.9 9.68 13.5 11.9 10.5 11.0 10.3 9.94 13.0 9.68 10.1 14.0 12.0

4.40 3.32 4.40 4.18 3.61 4.51 4.26 3.97 4.44 3.35 3.51 4.02 3.72

12.9 9.77 12.9 12.3 10.6 12,7 12.5 11.7 13.1 9.90 10.3 11.8 10.9

5.69 3.53 5.15 5.02 3,99 5,48 6.01 6.32 5.13 4.01 3.82 4.83 4.37

16.7 10.4 15.2 14.8 11.7 16.1 17.7 18.6 15.1 11.8 11.2 14.2 12.9

5.74 2.48 4.90 5.45 2.75 5.67 6.21 7.20 4.76 3.90 2.63 4.44 3.67

16.9 7.30 14.4 16.0 8.10 16.7 18.3 21.2 14.0 11.5 7.74 13.1 10.8

5.59 1.79 4.47 5.44' 1.78 5.53 6.15 6.95 4.57 3.74 1.65 4.03 5.06

16.4 5.27 13.2 16.0 5.24 16.3 18.1 20.4 13.4 11.0 4.85 11.9 9.00

5.41 1.72 4.40 5.26 1.68 4.93 5.43 6.29 4.37 3.75 1.40 : 3.82 2.61

15.9 S.06 12.9 15.5 4.94 14.5 16.0 18.5 12.9 11.0 4.12 11.2 7.68

4.25 3.46 3.95 4.28 4.00 3.55 4.06 4.67 3.77 3.20 2.08 3.32 2.02

12.5 10.2 11.6 12.6 11.8 10.6 11.9 13.7 11.1 9.41 6.12 9.77 5.94

3.01 4.45 2.71 2.93 4.81 2.66 3.07 3.40 2.75 2.35 4.40 2.61 1.65

8.85 13.1 7.97 8.62 14.2 7.83 9.03 10.0 8.09 6.91 12.9 7.68 4.85

2.87 3.Z2

8.44 9.47

0.43 0.45 0.47 0.75 0:88

1.27 1.32 1,38 2.21 2,59

0.13 0.23 0,24 0.17 0.28

0.38 0.68 0.71 O.SO 0.82

0.12 0.19 0.20 0.15 0.23

0.35 0.S6 0.59 0.44 0,08

0.12 0.13 0.17 0.16 0.16

0.35 0.38 0.50 0.47 0.47

0.10 0.12 0.16 0.13 0.15

0.29 0.35 0.47 0.38 0.44

0.09 0.10 0.14 0.12 0,13

0.26 0.29 0,41 0,35 0.38

0.08 0.10 0,12 0.10 0.12

0,24 0.29 0.35 0.29 0,35

0.06 0.08 0.10 0.09 0.10

0.18 0.24 0.29 0.26 0.29

0,06 0,07 0.09 0.07 0.09

0,10 0.21 0.26 0,21 0.26

!4

._0



TABLE 7

DATA SU_.tARY, ALTITUDE PERFORNANCE TESTS

Chamber Length = 9 in. (22.9 cm); c = 60

Run No. 69-7 69-9

Step No. 1 2

• , lb/sec
WLF2 kg/sec

WLi' Ib/sec
kg/sec

• , lb/sec
WGH2 kg/sec

• lb/sec
WT' kg/sec

H2 , percent

F2/Li , HR

Pc' psia

106 N/m 2

Fvac* , lbf
N

F ** lb£
vac '

N

[I c]_ lbf/lbm/secs, va eas' N/kg/sec

s,va( as N/kg/sec

c]m_ Ibf/Ibm/sec
s,va s' N/kg/sec

_I (avg), percent
s

Temperature of H2 Coolant
at Injector, R

X

, Ibf/Ibm/sec

[Is,vacJ theo N/kg/sec

, lbf/lbm/sec
_s.vac] de l N/kg/sec

2.66

1.20

O. 90
0.41

0.90

0.41

4.46
2.02

20.5

2.97

669

4.61

2201
9790

2135

9497

493

4839

479

4694

486

4766

92.8

994

524

532.1
5218

494
4844

2.52
1.14

0.85
0.59

1.12
0.51

4.49
2.04

24.9

2.96

700

4.83

2287

10,173

2265

10,075

5O9

4995

5O4
4947

506
4962

94.7

5

2.29

1.04

0.74
0.53

1.56

0.71

4.59

2.08

34.1

3.10

757

5.22

2353

10,467

2326

10,347

513
5027

507

4969

510

5001

94.7

648 578
360 210

537.5 531.6
5271 5215

509 503

4991 4933

measurement (Appendix C)

1 2

2.66 2.52
1.21 1.14

1.09 1.02
0.49 0.46

0.87 1.09
O.40 0.49

4.62 4.65

2.10 2.10

18.9 25.5

2.45 2.47

(695) (725)

(4.79) (5.00)

2157 2228
9595 9911

2182 2270

9706 10,097

467 481

4579 4719

472 490
4652 4808

470 486

4609 4766

91.2 92.2

820 513
456 285

519.9 526.4
5098 5162

474 485

4648 4756

*Uncorrected, based on direct load cel:

**Uncorrected, based on nozzle pressure measurements (Appendix C)
***Averagej uncoY'rected, measured value

,._,
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PERCENT HYDROGEN

F2/Li MIXTURE RATIO

2.25

2.74

3.25

20 2S 35

B

A

B

B B

A A

B B

B B

DESIGNPOINT

A: NGMINAL TEST POINTS, TASK Z

B; NOMINAL TEST POINTS, TASKS 1"I AND TTT

Figure 2. Test Hatrix of Percent Hydrogen and F_/Li Hixture htio

for the Li/F_ ExperiRentnl Firings--
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Figure 5.
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Jl!

B-B

Schematic of Doublet/Shoverhead LF_/GH 2 Injection Element,
Mod I Injector
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Figure 10. rue Patteru of Un]Ike-Deublet LF2/OH2 XnJeetor, Hod XX
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Lithium Tube Inlet

orous Carbon Washer

ATJ Graphite Liner

Asbestos Insulation

Asseubled Gas Generator ChRmber, Showiq Graphite
Liner and Porous Carbon Washer
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I

¢q.

FiKure 16.

Gas Orifices

Face Pattern of Lithium Injector, Mod I and II

107



*rl

I

I

108



,___f--o.s6z iN. (I ._3 cM)

--I
I_;/ I _.oo,..

MOD TTT,USED IN RUN NO. _)-2

Filure 18. Lithi-_ Injector Modification., Mod I, II, end III
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CHAMBER CASING
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COPPER LINER

Figure 20.

FILLER BLOCK

Components of the 4-Inch (lO.16-cm), High Heat Flux,
Water-Cooled, Combustion Chamber Section
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Figure 22. Shell and Liner of 9-1nch (22.86-cm), Low Heat Flux,
Water-Cooled, Combustion Chamber Section
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Figu_ 2_, Water-Cooled Nozzle; Side View Showing Coolant

Inlet and Outlet Tubes
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Figure 2_. Water-Cooled Nozzle; View From Upstream End,
Looking Towards Throat
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Figure 27. Schematic Flov Diagram of Liquid Lithium System
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Figure 28. Photograph of Lith;.um System on Test Stand_ With Engine in Place
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Figure 29. SchematXc Flow D_agram of Fluorine 5yetem
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Figure 33. Chamber Configurations-Employed With the Oxidizer-Rich
Gas Generator Tripropellant Injection Method
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Figure 34. Gas Generator Mounted on Test S'Land
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Figure 35. Schematic of Test Hardware Used for the Task II Firings
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APPENDIX A

PERFORMANCE CALCULATION METHODS

INTRODUCTION

The pelformance indices used in the present investigation were c* and I
s

efficiencies and deliverable vacuum specific impulse'. Corrected c* effi-

ciencies based on chamber pressure were determined for all the firings.

Corrected c* efficiencies based on thrust were determined only in the

Task I firings, in which the nozzle expansion ratio was very low (E = 2),

because the previous tripropellant study {Ref. A-I) had shown that the

CF efficiency of this short nozzle was essentially I00 percent. Specific

impulse efficiencies were determined in the Task II and III firings, in

which the nozzle expansion ratios were l0 .and 60, respectively. Another

performance parameter used in the altitude simulation tests of Task IIl

was the vacuum specific impulse deliverable by an engine regeneratively

cooled with liquid hydrogen. The calculated performance parameters are

summarized below:

Task I Task II Task III

f _

Inc. J p X X X
C

{qc *)F X

nl X X
S

{Is ,vac) del X

Details of the computational procedures and of the applicable corrections

are given in this appendix.

*Thrust coefficient efficiency was not included as a performance index in

this stu&y because of the relatively high uncertainty level (±2.2 percent)
associated with its determination (Appendix B).
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CHARACTERISTIC VELOCITY EFFICIENCY

Characteristic velocity {c*) efficiency, or "energy release" efficiency,

may be regarded as a measure of the ratio of the energy actually produced

by propellant combustion to the energy theoretically available by con-

version of the propellants from injection conditions to equilibrium con-

ditions at the throat. Energy release occurs predominantly in the combus-

tion chamber and, usually to a minor extent, within the subsonic portion

of the nozzle. Energy release efficiency is one of the two factors which

determine overall rocket engine performance, measured by delivered specific

impulse; the other factor is the efficiency of the expansion process, or

CF efficiency. Energy release efficiency is experimentally determined by

the application of suitable corrections to measured c* efficiency.

Corrected c* Efficiency Based on Chamber Pressure

Characteristic velocity efficiency based on chamber pressure is defined

by the following equation:

(Pc)o (At)elf gc
[ncJ = (A-l)*

p (_T) (c*)theo
C

Values calculated from Eq. A-1 are referred to as "corrected" c* efficiencies

because the factors involved are not measured directly, but are obtained by

application of suitable corrections to measured parameters. Thus, stagna-

tion pressure at the throat is obtained from measured static pressure at

the start of nozzle convergence by assumption of isentropic expansion,

effective throat area is estimated from measured geometric area by allow-

ing for radius changes during firing and for nonunity discharge coefficient,

and chamber pressure is corrected to allow for energy losses from the com-

bustion gases to the chamber wall by heat transfer and friction. Equation

A-1 may therefore be written as follows:

Pc At gc fP fTR fDIS fFR fHL
[nc_ =

p (WT_ (c*)theo (A-2)
C

*See Appendix I for nomenclature.
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The methods used to estimate the correction factors in Eq. A-2 are described

below.

?

!

Pressure Correction {fp). Measured static pressure at the start of nozzle

convergence was converted to stagnation pressure at the throat by assump-

tion of no combustion in the nozzle (i.e., energy release completed in the

combustion chamber) and application of the isentropic flow equations. For

the firi1_gs using oxidizer-rich gas generator injection method (e c -_ 8,

y = 1.26 to 1.29), fp = 1.003; for those using the fuel-rich gas generator

injection metho_ (e c -_ 11), fp = 1.002.

Throat Radius Correction (fTR) . Temperature gradients produced in an un-

cooled nozzle wall by flow of hot combustion gases result in thermal stresses

which may affect throat radius. Consequently, the geometric throat diam-

eter measured in an ambient-temperature nozzle may not be the same as that

which exists during firing. When firing begins, thermal penetration of

the nozzle wall is small with respect to the wall thickness and the outer

wall diameter is unchanged. The inner wall material will therefore expand

toward the center, resulting in a decrease in throat diameter. As heat

penetrates throughout the nozzle wall, the outer diameter will also in-

crease, allowing outward expansion of the inner portion and consequent

increase in throat diameter. Hence, throat diameter during firing is a

fmnction of time, as well as of the physical properties of the throat

material and the temperature and pressure of the combustion gases.

A Rocketdyne computer program is available which estimates the change in

throat radius as a function of firing time (Ref. A-2). The computation

is based on numerical integration of the transient thermal stress equa-

tions for a hollow cylinder (Ref. A-3). A cubic temperature distribution

is assumed in the wall, _lastic as well as 'elastic strain in the wall

material is considered, and allowance is made for stress caused by gas

pressure. These calculations were carried out for the uncooled, graphite-

lined nozzles used in the Task I firings. Convective film coefficients



at the throat were estimated from the Bartz equation (Ref. A-a) and cal-

culations were made using both "with-grain" and "across-grain" properties

of ATJ graphite. In both cases, over the range of test parameters and

for the test durations employed, the throat radius change was less than

0.1 percent. Consequently, fTR = 1.000.

Thermal stress throat diameter changes in the water-cooled nozzles used

in the firings of Tasks II and III were assumed to be negligible; hence,

in al! the tests, fTR = 1.000.

Throat Discharge Coefficient Correction (fDIS) . The discharge coefficient

is defined as the ratio of actual mass flowrate through the throat to the

theoretical maximum based on the geometric throat area and one-dimensional,

inviscid flow. Values of the discharge coefficient may be estimated either

analytically or from correlations of the results of experimental studies

of gas flow through nezzles. In the present program, the ratio of the

upstream wall radius at the throat to the throat radius was large (4:1),

so that the discharge coefficient was very nearly unity and either of

the two methods could be employed.

In a critical study of available theoretical analyses of nozzle flow (Ref.

A-5), values of the throat discharge coefficient were calculated as func-

tions of the nozzle wall/throat radius ratio and throat Reymolds number.

The indicated value under the present test conditions was fDIS = 0.997.

This is in good agreement with the value (0.995) obtained by applying the

correlations of experimental conicak nozzle discharge coefficients obtained

by various investigators (Ref. A-6) to the geometry of the present nozzle.

Frictional Drag Correction (fFR). Calculations of c* based on chamber

pressure are concerned with chamber phenomena up to the nozzle throat.

Drag forces to this point are generally small enough to be considered

negligible, particularly when the contraction ratio is large, as in the

present case. Hence, the factor fFR was taken to be unity.
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Heat Loss Correction (fHL) . Heat transfer from the con_ustion gases to

the thrust chamber walls results in loss of enthalpy. This enthalpy loss

is substantially reduced in an ablatively cooled chamber and is effectively

recovered in a regeneratively cooled chamber. To obtain a realistic indi-

cation of energy release efficiency, measured c* must be corrected by a

factor which accounts for the heat lost to the chamber walls and injector

face.

i

i

The heat loss correction factor may be calculated in two ways, both of which

require an estimation of the total heat loss between the injector and throat.

In the first method, the correction factor is obtained from the following

equation (Ref. A-6):

fill= + T/J CA-3)

In the second method, the heat loss correction factor is not calculated

explicitly. Instead, the enthalpy of the injected propellants is reduced

by an amount equivalent to the total hea_ lost, and the theoretical c*

is calculated on the basis of the reduced injection enthalpy. While this

procedure lumps all the heat lost and confines it to the injection station

instead of applying the loss gradually along the chamber length, the differ-

ence is not considered to be significant.

The second procedure was used in the previous Li/F2/H 2 study (Ref. A-l)

and was continued in the present investigation. Agreement between the two

methods was good (±0.2 percent). The required total heat loss was obtained

by summation of the products of the heat fluxes in the various regions of

the combustion chamber and convergent nozzle and the appropriate areas.

For the water-cooled chamber sections, the heat fluxes were the actual

measured valPes; for the uncooled sections, heat fluxes were estimated

as discussed in Ref. A-1. Values of the heat loss correction factor were

in the range 1.010 to 1.019 for tha uncooled chambers and 1.O1S to 1.029

for the water-cooled chambers.
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Corrected c* Efficiency Based on Thrust

The alternate method of determining c* efficiency, which was used for the

Task I tests, is based on the following defining equation:

F
vac gc

[qc*] F (CF)vac theo= *T (c*) CA-a)

Corrected values of vacuum thrust were obtained by application of suitable

corrections to measured thrust. With these corrections, and the assumption

of lO0-percent CF efficiency, the expression for c* efficiency based on

thrust becomes:

(F + Pa Ae) OFR ODIV _HL (A-S)
[qC.]F = (,T) (Is)theo

Although they do not appear explicitly in Eq. k-5, corrections to the geo-

metric throat area and to the measured static chamber pressure at start

of nozzle convergence are implicit in the use of theoretical I s values.

Thus, the calculation of corrected c* efficiency from thrust includes all

the corrections described above for calculation from chamber pressure plus

an additional one to account for nonparallel nozzle exit flow. However,

because (Is)va c is essentially independent of the very small changes in

chamber pressure and contraction ratio which are involved in corrections

to Pc and At, these corrections are of no practical significance in the

calculation of c* from thrust.

Correction for Frictional Drag (_FR) . This factor corrects for the energy

losses caused by drag forces resulting from the viscous action of the com-

bustion gases on the thrust chamber wall. Its magnitude, which is the

integral of the local friction forces over the chamber inside wall, was

estimated by a boundary layer analysis utilizing the integral momentum

equation for turbulent flow. This anallsis accounts for boundarx layer

effects from the injector to the nozzle exit by suitable description of
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f

the boundary layer profile and local skin friction coefficient. A computer

program was used to carry out a numerical integration of the equation, in-

cluding effects of pressure gradient and heat transfer. The program required

a potential core solution of the nozzle flow which was obtained from the

variable-property, axisymmetric me_hod of characteristics calculation of

the flow field outside the boundary layer; corresponding properties of the

subsonic combustion chamber flow field were also calculated. This program

considers only gas dynamics; no allowances were made for possible two-

phase flow effects. Computed values of _FR ranged from 1.005 to 1.008 for

the conditions of the Task I experimental firings.

Correction for Nozzle Divergence (ODIV). The one-dimensional theoretical

performance calculations assume that flow at the nozzle exit is uniform

and parallel to the nozzle axis. |_e correction factor, ODIV' allows for

nozzle divergence (i.e., for nonaxial flow) and for nonuniformity across

the nozzle exit plane.

A-7):

 DlV = [1/Z (l ÷ cos a)]-I

This gave _DIV = 1.017.

It was calculated from the standard equation (Ref.

(A-6)

Correction for Heat Losses (_HL). The effect of heat loss to the chamber

walls on measured Is was determined by inclusion of the divergent nozzle

heat flux in the total loss. In the calculations of theoretical specific

impulse which included the effect of heat loss in the thrust chamber, the

loss up to the throat was subtracted from the propellant injection enthalpy

and the loss in the divergent portion of the nozzle (which was relatively

small) was subtracted from the enthalpy of the combustion products at the

throat. Values of _IL were in the range 1.018 to 1.034.
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SPECIFIC IMPULSE EFFICIENCIES

The specific impulse efficiencies calculated in Tasks II and III were

uncorrected values, taken directly frcm measured parameters:

F CA-7)
nI = _T (Is)s theo

DELIVERABLE VACUUM SPECIFIC IHPULSE

A regeneratively cooled engine would have all the performance losses of

the water-cooled test hardware except the loss caused by heat flux to the

chamber walls. Whereas this energy was not recoverable in the test hard-

ware, it would be transmitted to the cooling propellant in the hypothetical

regenerative engine and thus retained. Deliverable, regenerative-engine

specific impulse might be calculated by subtracting the performance loss

due to heat flux in the water-cooled thrust chamber from the total

measured loss. However, the following more direct method was used to

obtain deliverable vacuum specific impulse from the test data. Observed

thrust under test conditions (determined by direct load cell measurement

and by integration of nozzle pressures, Appendix C) was reduced to measured

(uncorrected) specific impulse efficiency, Measured thrust chamber heat

flux (including estimatcd flux in the uncooled portions of the chamber)

was used to calculate the hydrogen injection temperature which would be

obtained in a regeneratively cooled engine with LH2 inlet temperature of

36 R (20 K). Theoretical Li/F2/H 2 perf¢_mance was computed with hydrogen

at th_ calculated injection temperature and the deliverable specific im-

pulse was then obtained from the observed I s efficiency. This method

assumes only that the measured, uncorrected I s efficiency obtained with

hydrogen injected at ambient temperature is the same as that with hydrogen

injected at the temperature it would reach as a result of absorption of

i

!

I
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heat from the thrust chamber. Both the c* and CF efficiencies are unchanged;
the only difference is that instead of using the heat flux into the chamber
wall to heat the coolant water, as in the experimental firings, it is used

to heat hydrogen. Thesecalculations are illustrated by the following
example (RunNo. 69-7, Step No. 2):

&

i
t

Measured I s efficiency = 94.7 percent (Table 7)

Total heat loss to coolant hydrogen = 2519 B/sec (2.67 x lO 6 W)

Hydrogen injection temperature = 648 R (360 K)

Theoretical vacuum specific impulse for Li (533 K)/F 2 (85 K)/H 2 (360 K),

N/m2)
at Pc = 700 psia (4.83 x 10 ° , F2/Li MR = 2.96, tl 2 = 24.9 percent,

e = 60, = 537.5 lbf/lbm/sec (5271N/kg/sec)

Deliverable specific impulse = (0.947) (537.5)

= 509 lbf/lbm/sec (4991N/kg/sec)
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INTRODUCTION

APPENDIX B

MEASURF24ENTERROR ANALYSIS

The true value of any physical property or parameter can necer be known.

Experimentally, it is possible only to determine that the true value prob-

ably falls within stated upper and lower limits, with the probability

specified in a statistical sense. The limits define an uncertainty inter-

val, or maximum error, which is associated with every experimental measure-

sent and which necessarily constitutes an explicit or implicit part thereof.

It is the purpose of this appendix to indicate the reliability of the ex-

perimental measurements made in the present program by estimation of the

errors inherent in the data acquisition processes and in the calculation

procedures. In turn, this permits estimates to be made of the range within

which, at a given confidence level, the true values of the measured or cal-

culated parameters may be expected to lie.

Measurement uncertainty has two components:

. Systematic errors. These are associated with the particular

system, with the experimental techniques employed, or with the

calibration procedures. They cannot be _stimated by purely

statistical methods, and are minimized primarily by careful

calibration with the best available standards, by requirements

for consistency and traceability of the experimental and cali-

bration techniques, and by critical examination of experimental

data.

, Random errors. These arise from unpredictable and unknown varia-

tions in _he experimental situation and are generally assumed to

follow a normal distribution to permit simple statistical

analyses.
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Error analysis is concerned only with random errors and implicitly assumes

that systematic errors can be eliminated in a carefully conducted experi-

mental program. Furthermore, such analysis does not include random varia-

tions in the parameters being measured; only uncertainties resulting from

sources other than the variability of the parameter itself are considered.

These sources are the ones included in the precision of the measurement

process.

It 1_ dpparent that under some circumstances systematic errors (also re-

ferred to as constant error, or bias) may be orders of magnitude larger

than random errors, for reasons which are avoidabie, such as faulty systems

or human errors, or unavoidable, such as inherent !imitations of the par-

ticular ex]0erimental procedures being used. In the Latter case, even if

avoidable bias is eliminated, the presence of substantial unavoidable bias

makes any elaborate analysis of random eryors superfluous.

Methods oF estimating measurement uncertainty in rocket engine systems have

recently been systematized (Ref. B-I and B-2), to provide a _liform basis

for procedure standardization. These methods assume that the magnitude of

any bias which may be present can be estimateJ, and are therefore concerned

with the application of statistical techniques to analyses of random errors.

The techniques are designed for both the calibr_'' and test measurement

processes, both of which are assumed to ' tte, to permit valid

applications of population sampling metho_

As applied to the present program, the measurement analysis procedure con-

sists of the following steps:

I. Esti_tion of the uncertainty intervals in the calibrations of

the individual transducers, including the measuring and recording

system in which they are used.

2. Combination of the uncertainty intervals of duplicate or redundant

sensors into an uncertainty interval for the measurement.



!

3. Combination of the uncertail_ty intervals of several measurements

(e.g., pressure, temperature, and flowmeter frequency) Jr, to an

uncertainty interval for the parameter they determine (e.g.,

flo_rrate).

4. Combination of the uncertainty _tervals of the measurements

entering into calculation of the value of the desired variable

(e.g., characteristic velocity) to estimate the uncertainty

interval of the calculated result.

SENSOR PRECISION

The precision of a measurement obtained as the output of a physical instru-

ment or sensor is a quantitative estimate of the uncertainty associated

with the random errors of that measurement. This estimate is made by

statistical analysis of the outputs of the sensor when repeatedly acteJ

upon by known inputs. By sensor is meant not only the transducer itself

but the complete system which converts the transducer signal to a numerical

value of its physical parameter analog. The known inputs, of course, have

uncertainty limits of their own, but for practical purposes it is assumed

that they are accurate (i.e., identical to true values) withi_ the limits

required by the experimental situation. Ultimately, these inputs _ust

be directly" traceable to established standards, such as those of the

National Bureau of Standards.

When a sensor is calibrated against known inputs, the precision may be

considered as delineating the limits of an uncertainty band within the

calit-ation intezval and within a given confidence level. Precision may

be numerically expressed as the standard deviation of a measurement, which

has the same units at the measurement itself, or as the coefficient of

variation, which permits valid comparisons between measurements in differ-

ent units. Coefficient of variation is the standard deviation expressed

as a percentage of the mean, thus making it dimensionless:

• I00 oCv _ (B-l)*

*See Appendix l For nomenclature.
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Measurement Anal_sir Program

A measurement analysis computer program was used in conjunction with the

transducer calibration data. This program calculates calibration factors,

a function which relates observed measurement system outputs to the cor-

responding system inputs, measurement precision, and other error estimates.

In the general case, typical transducer output in the test range is linear,

with an intercept that is not necessarily zero. Because of this inter-

cept, or "offset," the input-o, tput model is of the form

(Input) = K1 + K2 (Output) (B-2)

The measurement analysis drogram also computes a non-offset model of the

type

(Input) = K3 (Output) (B-3)

If neither (B-2) nor (B-3) satisfiez a prespecified error limit, a quad-

ratic model is used.

The computer program allows up to seven input-output pairs per calibration.

Further, up to seven complete calibrations may be considered in obtaining

a random measurement error, which is based on the assumption that the input-

output ratio at a particular input level performs a random walk in time,

with normal distribution and variance. On the basis of a sequence of

periodic calibrations, the measurement analysis program provides all per-

tinent error estimates (including transducer precision, precision degra-

dation, and offset variability_, constants for the input-output models

(B-2 and B-3), and the errors for eaoh model. Also, on the basis of a

prespecified imprecision requirement, one of three situations is recog-

nized for further action:

I. The rystem can never meet required precision, and should be

replaced.
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2. The system will fail the requirement within the next 2 days and

should be recalibrated J mme¢iately; or

5. The system will meet the requirement up to a certain date (30 days

maximum),on or before which it should be recalibrated.

Transducer Uncertainty Intervals

The uncertainty interval, U, in a transducer measurement reported as X ±U,

indicates the reasonable limits of the measurement and should include both

bias and precision error. Although precision error limits can be calcu-

lated from calibration data, bias can only be estimated, mainly on the

basis of judgement and experience. To minimize such subjective estimates,

one of two procedures may be followed:

1. Assume that the bias error is a specified fraction of the

nominal value of the parameter.

2. Assume the absence of significant bias in the transducers

and include only precision errors in the uncertainty intervals.

The second alternative was adopted in the present program because trans-

ducer bias was minimized by the establishment of calibration factors and

input-output models traceable to NBS standards.

Pressure. The coefficients of variation of the pressure transducers were

obtained by application of the measurement analysis program to the calibra-

tion data. The values obtained ranged from 0.09 to 0.5 percent, for static

calibrations made on a pressure ,nanifold mounted on the thrust stand.

Other errors in pressure measurements may arise, in addition to the random,

statistical uncertainty limits. Thus, in the measurement of chamber pres-

sure through a drilled wall tap, erroneous values of stream pressure may be

indicated because of the effect of the tap upon the flow. The following
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estimated magnitudesof this error, which is a function of stream velocity,

are based on experimental data obtained with water and gas (Ref. B-3):

Mach No. _ O:

Mach No. _ 0.3:

Mach No. _ 1.5:

0.00 percent

0.05

1.30

Coupling errors, arising from effects of the tubing joining the pressure

taps to the transducers, were not significant in the present series of

firings because precise dynamic or transient response pressure measure-

ments were not required (Ref. B-4) and tubing lengths were small.

Thrust. Values of the coefficiept of variation obtained by application

of the measuremer,t analysis program to static thrust calibrations were

in the range 0.1 to 0.5 percent for the sea level calibrations and 0.4

to 0.8 percent for the altitude simulation calibrations (Appendix C).

Throat Area. The geometric throat diameter was measured with an expansion

micrometer by two observers before and after every firing. Maximum coeffi-

cient of variation of the calculated areas was 0.3 percent.

Volumetric Flowrate. The coefficients of variation of the turbine flow-

meters used to measure LF 2 flowrate were determined from calibration data.

Observed Cv values, which refer to flow bench water calibrations, were

0.1 percent for both meters. Corrections for thermal and viscosity effect:

in converting these calibrations to cryogenic LF2 factors are discussed in

the body of this report. In addition, there are unpredictable water=to-

cryogenic calibration shifts (Ref. B-S) which introduce additional sources

of error. The coefficient of variation arising from this source is approx-

imately 0.5 percent (Ref. B-6).

Estimated Cv value for the magnetic flowmeter used for liquid lithium was

0.5 percent, based on several calibrations of the electromotive force output.

168



i
!

Temperature. Temperature measurements were made with resistance tempera-

ture sensors and with thermocouples.

Resistance Temperature Sensors. The platinum resistance thermometers

were precision calibrated by the manufacturer. These calibrations were

checked by taking several emf readings with the sensors immersed in LN2

and in LO2 at atmospheric pressure; these were correct within the limits

of readability. Root-sum-square error limits of these sensors based on

specifications for repeatability, insulation, time lag, friction heating,

and interchangeability were 0.1 percent. Voltage readouts of the trans-

ducers were adjusted to calibratior values by means of a standard decade

resistance box, with error limits of 0.2 percent.

Thermocouples. Iron-constantan ther_nocouples were used to measure

temperatures of GH2 in the venturi plena, and chromel-al_el thermocouples

were used to measure lithium system temperatures. Because the latter were

not involved in performance measurements, they will not be considered in

this section. Estimated error to be expected with new iron-constantan

thermocouple wire at ambient temperature is 0.7 percent CRef. B-5). Thermo-

couple calibrations were electrical only; i.e., the emf readouts were adjusted

on the assumption that the thermocouple-generated electron_otive forces

corresponded to NBS standard values. Total estimated Cv was 1.0 percent.

CONBINED ERROR ESTIMATION

Redundant Measurements

Two independent transducers were used to measure some of the important

test parameters to increase measurement reliability. The most probable

value of a redundant measurement is a weighted average in which the weight

(Wi) assigned to an individual determination is given by

_ w.x = --2 (B-4)
o.
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where o. is the standard deviation associated with the i th measurement and
2 x 2

_i is the variance. The variance of the weighted mean, o m , is given by

1 1
--r-- Z -r
o' 1 o.
m 1

(B-5)

Combined Measurements

The standard deviation of a parameter which is a function of two or more

independent measurements is the root-sum-square of the standard deviations

of the independent measurements. Thus, LF 2 flowrate is a function of flow-

meter frequency and fluorine temperature (assuming no significant error in

conversion of fluorine temperature to equivalent density):

= ff (f,T) (8-6)
o o

The standard deviation of the oxidizer flowrate is then:

• = [Of2 + OT 211/2(Iw
o

(B-7)

In the same way, the standard deviation of hydrogen flowrate, which is a

function of measured pressure and temperature in the ven_uri plenum, is

given by:

a. lap 2 + aT 2]I/2
= (B-8)

WH 2 H 2 H 2

Standard deviation is converted to coefficient of 9ariation by Eq. B-1.

When several measured variables are combined algebraically to yield an

experimental result, the standard deviation of the result, which takes

into account the propagation of the individual errors, is given by

= @R _I + 02 + "'" + On {B-9)
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where

2
o R = variance of calculated result

Xl,X 2 ..... x n = measured variables

R = R (Xl,X2,...,Xn)

°l'_ .... '_n = standard deviations of xl,x2,..,Xn, respectively

As an example, consider corrected c* based on chamber pressure:

Pc At gc (C.F.)

wT
(B-10)

where {C.F.) is the net correction factor.

the variance _n corrected c* as

Application of Eq. B-9 gives

Oc,2 ' t gc {C.F.) 2 + c _T CA 2
= =WT °Pc +

WT2 o_ + WT °C. F

(B-I1)

lhe precision error estimate based on transducer calibrations is the square

root of the variance calculated by Eq. B-9 (Ref. B-2):

S = o R {B=I2)

The uncertainty of a measured parameter is given by the following combina=

tion of bias limit and precision error (Ref. B-2):

U = -+(B + to.gs S) CS-13)

For the large number of transducer calibrations reflected in the precision

error, the recommended value of t0.95 (which is the 95 th percentile point

of the two-tailed Student's "t" distribution) is 2. Assuming that bias

is negligible, the uncertainty is therefore given by:

U - ±2 S (B-14)
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Numerically, of course, this is the same as the 2 o normal distribution

error which is customarily used for a 9S-percent confidence ]evel.

DATA PRECISION

Per formance

Examples of the application of this error analysis to three performance

parameters (c*, I s , CF) for a typical Li/F2/H 2 test are given in Table

B-1. The uncertainty intervals, or the limits beyond which no data would

reasonably be expected to fall, are ±1.3 percent for c*, ±1.6 percent for

Is, and ±2.2 percent for CF.

Heat Flux

The heat flux measurements in this program represent a case in which the

systematic errors inherent in the experimental procedure may be as much

as an order of magnitude greater than any possible precision errors. There

is therefore no point in estimating the latter by elaborate error analyses.

A rule-of-thumb estimate for the reliability of thrust chamber heat flux

measurements is on the order of ±5 to 10 percent.

D_namic Precision

The estimates of precision calculated above are based on static calibra-

tions of pressure and thrus_ sensors, and hence may not be strictly applic-

able to the dynamic system represented by a firing thrust motor. It is

generally assumed, however, that such calibration data may be extended

without significant change to dynamic systems oscillating at very low

frequencies and amplitudes, and that steady-state stable combustion is

such a system.
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TABLE B-1

EXPERIMENTAL ERROR ANALYSIS

RUN NO. 69-7 (STEP 2)

(Bias Error Assumed Negligible)

Parameter

P
c

F
vac

_T

At

C.Fo

C _

(uncorr)

C t

(corr)

I
s-vat

CF

Nominal Value

700 lbf/in. 2 (4.83 x 106 N/m 2)

2276 lbf (10124 N)

4.49 lb/sec (2.04 kg/sec)

1.680 in. 2 (10.84 cm 2)

1.029

8419 ft/sec (2566 m/sec)

8663 ft/sec (2640 m/sec)

506 ibf/lbm/sec (4962 N/kg/sec]

1.93

Precision,
Percent

of Nominal

0.28

0.67

0.45

0.11

0.40

0.55

0.66

0.80

1.08

Uncertainty,
Percent

of Nominal

z0.56

Zl.34

zo.90

±0.22

tO. 80

-*1.1

Zl.3

tl.6

t2.2
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APPENDIX C

THRUST CALIBRATION AND MEASUREMENT PROCEDURES

THRUST CALIBRATION

End-to-end thrust calibrations, with readouts on the Beckman Data Acqui-

sition Systenh were made inunediately prior to every firing, at ambient

temperature and with all propellant and transducer lines in place. The

calibrations preceding the altitude simulation tests were made with the

thrust chamber-diffuser system under vacuum (0.1 to 10 psia, 6.9 x 10 2

to 6.9 x 10 4 N/m 2) to determine the effect of reduced pressure on the

calibration factors.

Ideally, thrust calibrations should be made with all engine system condi-

tions identical to those which exist during firing. (With all conditions

identical, any inherent differences between static calibration and dynamic

firing input/output factors arc necessarily assumed to be negligible. )

The effects on thrust measurement of variations in conditions which cannot

be made identical dlzring calibration and testing should be investigated

and suitable corrections applied, if necessary. In the present program,

the applicable nonidentical engine system conditions were propellant inlet

line pressuresand temperatures.

inlet Line Pressure Eifects

Propellant inlet line pressurization effects on thrust readings depend on

the size and orientation of the propellant lines. Experimental determina-

tions of these effects were made with the lines used in both the oxidizer-

rich and the fuel-rich gas generator injection methods. With the former,

applicable corrections to observed load cell output caused by pressuriza-

tion of the propellant inlet lines were +0.85 to +1.1 percent, depending

on the flowrate level. With the fuel-rich gas generator injection scheme,
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the corrections were negligibly small within the experimental range of

propellant flowrates. The observed differences in the effects of propel-

lant line pressurization between the two injection methods were due pri-

marily to differences in the hydrogen supply lines to the thrust chambers.

Inlet Line Temperature Effects

During a test firing, the fluorine inlet line was chilled, the lithium

inlet line was heated, and the hydrogen inlet line remained at ambient

temperature. Calibration tests showed that while propellant delivery

line temperature changes usually alter the thrust zero point readings,

they do not significantly affect net load cell output over the ranges

used in the present investigation. That is, if zero readings are taken

with the propellant inlet lines at run temperatures, no corrections are

required for this factor.

At one critical point in the LF2 delivery system, however, the temperature

changed throughout the firing and so the corresponding change in the thrust

zero reading had to be considered. This temperature change occurred at

the uncooled fitting joining the chilled LF 2 inlet line to the chilled

LF2/GH 2 injector in the fuel-rich gas generator injection scheme. The

f_tting, which was exactly at the chamber axis, was cooled only by con-

duction before the test, when zero readings were taken. As soon as flow

of LF2 began, its temperature dropped at a substantial rate (approximately

16 F/see, 9 K/see). There was a corresponding significant effect on the

thrust readings, ranging from 8 lbf (35.6 N) for a temperature change

of the inlet fitting of 20 F (11 K) to 35 lbf (155.6 N) for a change

of 150 F (83 K). Temperature of the fitting was monitored during each

firing so that proper corrections could be applied for this factor.

In the oxidizer-rich gas generator injection method, the LF 2 was injected

perpendicularly to the chamber axis, through a yoke mechanism. Tempera-

ture changes of the inlet fittings in this case had no significant effect

on thrust zero reaaings.
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Altitude Simulation Tests

Thrust .calibrations for the altitude simulation firings were made with the

complete thrust chamber-diffuser system (Appendix G) in place. Calibratic

were made over a range of system pressures, so that the input/output factor

corresponding to actual test diffuser pressure could be used in data reduc-

tion. The effect of diffuser pressure on the calibration factor was small,

but real and reproducible (approximately 0.2 percent change in the calibra-

tion factor per psi change in diffuser pressure, 0.2 percent per 7 x i03 N/m2).

Use of calibration factors obtained at ambient pressure for the altitude

simulation test data would have resulted in a systematic error of about -2.5

percent in measured thrust.

THRUST MEASUREMENT

Sea-Level Tests

Measured thrust in the sea-level firings was obtained directly from the

load cell readings, with suitable corrections for LF2 inlet fitting tem-

perature and line pressurization, as required.

Altitude Simulation Tests

Because of the critical importance of thrust measurements in the altitude

simulation firings and the frequently encountered difficulty of obtaining

reliable thrust measurements with attached diffusers, two methods were

employed to determine thrust in this series of firings. The first was

the value based directly on the load cell reading and the second was based

on the integratlon of measured nozzle pressures together with the specific

impulse efficiency measured in earlier sea-level tests.
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Load Cell Measurements. The nozzle exit-bellows-diffuser junction (Appen-

dix G) is sketched below:

Def f = 15.218 inch

(33.57 cm)

Bcllows

Di ffu:;er

.772 inch (1.96 cm)

_-Nozzle

i

t

J
!

The diffuser was fixed, so that the axial engine movement _eflected in the

load cell readings was taken up at the bellows. The following step-wise

procedure was used tc convert load cell readings to vacuum thrust:

. The net unbalanced area of the system over which atmospheric

pressure acted (in a direction opposing thrust) was the "effective"

cross-sectional area of the bellows joining the nozzle and dif-

fuser. To determine this area, the engine-diffuser system was

evacuated to various pressures from 0.1 to 10 psia (6.9 x l02

to 6.9 x l04 N/m2)and the resulting negative thrust was measured

on the load cell. The bellows dimensions thus obtained were:

.

Aeff

Deff

Bellows ID

Bellows OD

= 137.2 in. 2 (885.2 cm 2)

= 13.218 inches (33.57 cm)

= 12.5 inches (31.75 cm)

= 13.7 inches (34.80 cm)

The distance between the outer edge of the nozzle and the bellows

was 0.772 inch (1.96 cm) and the corresponding annular area (over
2

which diffuser pressure acts in the thrust direction) was 30.2 in.

(194.8 cm2).
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3. Vacuum thrust was then given by:

,

,

Fvac = Flc + Fatm - Pdiff (C-l)*

= + (137.2 x (30 2 xFlc Patm ) - . Pdiff) (c-2)

To convert the load cell reading, Flc, to thrust at any desired

altitude, the pressure at that altitude is substituted for Patm

in Eq. C-2.

This procedure is consistent with the customary method of convert-

ing Flc to Fva c in sea-level firings:

Fva c = Flc ÷ (Aexit x Patm ) (c-3)

where Aexit is the effective area over which atmospheric pressure

acts in a direction opposing engine thrust.

Integration of Nozzle Pressures. The second method of determining thrust

in the altitude simulation tests with the 60:1 area ratio nozzle was as

follows:

lo The thrust increment between area ratio 10 and area ratio 60 was

determined from th¢, measured nozzle pressures in this region,

as shown:

%

_ = 2 _r dr

r = X _ane

dr = dx tan 8

*Se_Ap_endix I for nomnclature
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{

." dA = 2nx tan20 dx

dF = PdA

•" FlO_6 0 = f x(E=6°)
2nx P tan_O dx ((]-4)

x(C:lO)

Equation C-4 was evaluated by numerical integration. The nozzle

pressure thrust contribution between area ratios i0 and 60 was

in the range 220 to 240 Ibf (979 to 1068 N).

2. The thrust to area ratio 10 was obtained from the specific im-

pulse efficiency measured in sea level tests under similar con-

ditions with a i0:I nozzle.

3. Vacuum thrust for the 60:1 nozzle was the sum of the two

contributions:

Fvac vac e=lO ÷ (C-S)vac e=lO ÷ 60
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APPENDIX D

HEAT TRANSFER MEASUREMENT AND DATA REDUCTI3N PROCEDURES

INTRODUCTION

Three different measurement techaiques were employed in the determination

of thrust chamber heat flux: calorimetric measurement (in the water-

cooled chamber sections), use of heat flux transducers (in the nozzle

segment between area ratio 3 and area ratio 10), and use of externally

welded thermocoupl_(in the nozzle section between area ratio 10 and

area ratio 60).

CALORIMETRIC MEASUREMENTS

The water-cooled thrust chamber segments included a 4-inch (lO.16-cm)

combustion chamber _ection and a convergent-divergent nozzle section

extending to area ratio 3. Both are described i;, detail in the design

section of this report. Heat flux into an axial or circumferential

_oolant passage (used in the combustion chamber and nozzle segments,

respectively) was determined calorimetricaily _rom the water flowrate

and temperature rise:

The coolant passages in the combustion chamber segment had common inlet

and outlet manifolds; the measured overall water flowrate through the

segment was assumed to be divided equally among the passages. The bulk

temperature rise across a givon fassage was measured from the inlet mani-

fold to the passage exit, where a 4-unit thermopile was located (immediate)y

upstream of the junction of the passage and the exit manifold). In the

*See Appevd_x I for nomenclature



nozzle section, the coolant temperature rise between the inlet and outlet

of a given passage was measured directly with a differential thermocouple.

The applicable heat transfer area in Eq. D-1 is the product of the length

of the coolant passage and the distance between the two points midway be-

tween the given passage and its neighboring passages.

The coolant-side heat transfer coefficient was computed from the following

correlation for forced convection heat transfer at high heat fluxes (Ref. D-I):

k (Re)0.95 (pr)0.4 (D-2)
h c ffi 0.005

Water properties in Eq. D-2 were evaluated at the average bulk temperature.

The coolant-side wall temperature was calculated from the one-dimensional

convection equation:

Twc c H20

In the _ew cases in which the value of the coolant-side wall temperature

calculated from Eq. D-5 exceeded the coolant saturation temperature, the

coolant was assumed to be in the nucleate boiling regime and the coolant-

side wall temperature was taken as 50 F (28 K) higher than the coolant
f

saturation temperature. This is a generally used approximation of the

wall temperature in the presence of nuclear boiling (Ref. D-2).

The gas-side heat transfer coefficient is based on a driving temperature

which is the difference between the gas-side wall temperature and the

adiabatic wall temperature. The latter was calculated from the combustion

gas properties and the recovery factor:

Taw-To L 1 . _ _ j (D-4)
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?
The recovery factor was approximated from the Prandtl number:

RT -- (pr) 1/3 (D-S)

Combustion gas stagnation temperature was obtained by correcting the theo-

retical stagnation temperature for performance loss:

2
TO = nc, Ttheo (D-6)

The observed, uncorrected c* efficiency is used in Eq. D-6.

The gas-side wall temperature was calculated from the coolant-side wall

temperature:

x R (D-7)
Twg Twc k A

The wall thickness, x, used in Eq. D-7 is the average of the minimum and

maximum "reaches" sketched below. This give results in agreement with

those obtained from a two-dimensional conduction analysis of the wall

geometry (Ref. D-3):

J / J

Minimum Maximum
Reach Reach

The gas-side heat transfer coefficient was then calculated from:

h - O./A
g T -T

aw wg

(v-s)
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HEAT FLUX METERS*

Design

A convenient method of measuring heat flux in the uncooled, thick-walled

copper nozzle section between area ratios 3 and 10 was by means of simple

heat flux meters. The transducer used consisted essentially of two sheathed

chromel/alumel thermocouples within a 0.125-inch (3.17-m) copper rod. The

thermocouples were positioned, one above the other, in a 0.052 by 0062

inch (0.81 by 1.57 nun) slot milled into the copper rod (Fig. D-l). A copper

filler strip was placed in the slot between the first thermocouple and the

end of the copper rod. The remaining slot volume was filled with "Silvalloy

501" silver solder, whose thermal conductivity is about 80 percent that of

copper. Finally, a 0.188-inch (4.76-mm) copper tube was brazed t_ the aft

end of the copper rod. A photograph of the finished heat flux meter is

shown in Fig. D-2. The meter was swaged in place, with a 0.002-inch

(0.05-m) gap between the copper rod and the nozzle wall. Transducer out-

put is the differential emf between the two thermocouples, which is a measure

of their instantaneous temperature difference and hence of the heat flux

along the copper rod.

Calibration

The heat flux transducers were calibrated against a thermal transfer stand-

ard, consisting of a constantan cylinder with copper plates at each end,

with known thermal response. The calibration system (Fig. D-5) included

a heat source, the heat flux transducer, the thernal transfer standard,

and a heat sink, connected in series. The interface connections were

made with soft solder and copper adapters. The steady-state heat flux

calibrations of the two transducers used in the present progran are shown

in Fig. D-4.

"These meters were designed, built, and calibrated by P. A. Kinzie,

Measurenents and Instruments Group, Research Division, Rocketdyne.

184



Heat Flux Measurement

The following analysis relates the steady-

state calibrations shown in Fig. D-4 to

the nonsteady heat flux measured J.n the

thrust chamber. Heat flow into the

surface of the heat flux meter results

X

±
in a temperature difference between

stations "1" and "2." Because station 1

is only 0.01S inch (0.38 mm) from the heated surface, the heat flux at

this point may be taken as the surface heat flux, even under transient

conditions.

.'1_ t!

_x

II 1 I!

The heat flux at station 1 is given by

(D-9)

To evaluate the partial Jerivative in Eq. D-9, T2 was expanded as a

Taylor series in terms of TI:

....
T2 = T1 + _T AX + _x2 _ + \_x /1 6 +

The second derivative in Eq. D-10 was evaluated from the transient heat

conduction equation:

Because station 2 was only 0.05 inch (1.27 I) from station 1, the third

derivative in Eq. D-IO could be obtained from the following approximation:

Ax (D-12)
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Substitution of Eq. D-11 and D-12 into D-IO gives:

l= x- k k "
(D-13)

The heat flux meter calibrations gave curves of steady-state transducer

millivolt output as functions of heat flux into the meter surface, accord-

ing to the following relation:

T2 - T1 = AT
= - k x2 _ Xl - k

(D-14)

In using the heat flux meters, temperature data were taken after the in-

itial transient portion of each step of a firing had passed. Because the

time derivatives were then zero, only the first term of Eq. D-13 remained

and the steady-state calibrations could therefore be directly used to deter-

mine heat flux into the meter.

EXTERNAL TEMPERATUREMEASUREMENTS

Heat flux to the steel nozzle skirt (from area ratio 10 to area ratio 60)

was determined by means of iron/constantan thermocouples spot-welded extern-

ally along the length of the nozzle. Measured wall temperatures were used

in conjunction with an existing Rocketdyne Thermal Analyzer Program (Ref.

D-4) to compute the heat flux at each station.

The Thermal Analyzer Program applies a lumped parameter representation and

numerical difference methods to a continuous physical system governed by a

set of diffusion equations. The program uses a Numerical Differencing

Analyzer of the network type, for which a thermal analog network is con-

structed by a lumping process. In this lumped-geometry approximation, the

total thermal.capacity of the continuous physical system is apportioned

among a set of nodes. Each node is connected to one or more adjacent nodes

by conducting paths, to each of which an admittance (the reciprocal of the

thermal resistance) is assigned. The temperature associated with each

node represents that at the centrold of the corresponding element of the

physical system.
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The nozzle skirt was divided into 37 nodes. The seven thermocouples along

the nozzle surface corresponded to seven boundary nodes. Assumed values

of the gas side heat transfer coefficient were used as initial program in-

put to calculate temperatures at the seven boundary nodes. These were

compared with the measured temperatures and the procedure was iterated

until the calculated and measured temperatures agreed to within 2 F

(1.1K). The final values of the heat transfer coefficients were then

used to compute local heat flux.
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Figure D-3. Schematic of Heat Flux Comparison Calibration Avvaratus
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APPENDIX E

COLD-FLOW STUDIES OF SINGLE-EL_IENT LITHIUM INJECTOR

INTRODUCTION

Lithium-fluorine-hydrogen firings carried out with the fuel-rich gas gen-

erat6r injection method resulted in some erosion of the graphite liner of

the combustion chamber. The erosion occurred about 1.5 to 4 inches (3.8

to 10.2 cm) from the lithium injector face, in a scalloped pattern corres-

ponding to injector element orientation. Since this indicated that the

erosion may have resulted from localized lithium-graphite reaction, a short

series of cold-flow tests was conducted with a single-element lithium in-

jector to determine the gas and liquid distributions which it produced.

Schlieren photography was used to obtain qualitative indications of the

gas flow patterns and a multJ%ube collector (Ref. E-l) was used to measure

liquid distribution characteristics.

-!

SIMILARITY PARAMETERS

The lithium injector propellants are gas generator product gas and liquid

lithium. For the schlieren photographs, water was used as lithium simulant

and helium as the combustion gas (HF + H2) simulant; for the liquid dis-

tribution tests, nitrogen replaced helium am the combustion gas simulant.

The test firing parameters which were matched in the cold-flow tests were

the degree of penetration of the liquid stream into the gas jet (i.e.,

the momentum ratio) and the gas/liquid orifice diameter ratio.

RESULTS

The biplanar lithium injector pattern, which was described in the design

section of this report, consisted of a single lithium stream intersecting

a gas jet, with four auxiliary gas jets intersecting the central reacting

mixture at _ _o_nstre_ point. Cold-flow tests were first made _ith the

central gas/liquid orifice pair, to study the initial distribution and

then on the complete element, to study the overall distribution.
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A schlieren photograph of the flowing, central, gas/liquid unlike doublet

is shown in Fig. E-1 and a side view of the same flow is shown in Fig. E-2.

The penetration of the water stream into the helium jet was 80 percent.

The liquid was uniformly dispersed in the gas jet, indicating that the

design penetration distance (80 percent) was sufficient to provide gcod

mixing.

The l_quid distribution produced by the gas/liquid unlike doublet was de-

termined at a distance of 3 inches (7.6 cm) from the injector face. A

CRT plot of the results is shown in Fig. E-3. Each small square in the

plot represents a sample tube which had measurable liquid in it at the end

of the test. The number of lines in each square is proportional to the

mass of liquid in the corresponding collection tube; the number in each

square, with the given identification, represents the mass fraction in

the tube as percent of total collected mass. The dashed line shows the

location of the chamber wall relative to the injector. Essentially all

of the liquid was collected within the chamber area and the distribution

is reasonably uniform. The gas jet was located at the indicated center

of mass.

A schlieren photograph of the spray field formed by the entire injection

element, including the four auxiliary gas jets, is shown in Fig. E-4 and

the corresponding side view in Fig. E-5. The indicated distribution was

less uniform thaa that observed with the simple gas/liquid doublet. The

liquid distribution obtained with the complete element is shown in Fig Eo6,

which verifies the qualitative schlieren results. _ consider,hie fraction

of the collected liquid mass was outside the chamber boundary. Hence,

the graphite liner erosion in the Li/F2/H 2 firings may indeeJ have resulted

from contact of unreacted lithium with the chamber wall. Geometric con-

sideration of the physical boundaries of the gas jets and the liquid stream

at various points downstream of the injector face indicated that, because

of jet spreading, the two auxiliary gas jets closest to the lithium stream

may have stripped liquid from the latter and carried it downstream along

the chamber wall.
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Figure E-1. Schlieren Photograph of Flowing Gas/Liquid Unlike Doublet

Injection Element (He/H20). , Xp/V G = 80 Percent. Front View
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Figure E-2. Schlieren Photograph of Flowing Gas/Liquid Unlike Doublet

Injection Element (He/H20)J Xp/D G = 80 Percent, Side View
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Figure E-4o Schlieren Photograph of Flowi:lg Biplanar Gas/Liquid Element Identical,,_
to Those in Lithium Injector• Front View (Large Specks are Mirror •
Imperfections)
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Figure E-5. Schlieren Photograph of Flowing Biplanar Gas/Liquid Element
Identical to Those in Lithium Injector• Side View (Large Specks are
Hirror Imperfections

200



LOCAL MASS FRACTION

IPI.E.T.,, NO J _!_L['.

15

!,
I
XII

012
li
.hi3,

14

It,

I,'

!l

19

/ N
/

/
/

II)[NTIIrl C_TI_N

3 I, ':RR

7 _ R_'

,J.P,20
.t._10

°!if

:O_CI tI,_TES

I_0 i_'_

Figure E-6. CRT Plot of Liquid Distribution Produced by Biplanar Gas/Liquid
Injection Element, Dashed Line Shows Location of Combustion Chsmber
Wall Relative to the Injector

201/202



APPENDIX F

EFFECT OF PARTICLE SIZE ON Li/F2/H 2 PERFORMANCE

The study* presented in this appendix was carried out to determine the

effect on nozzle performance of the presence of particulate matter in the

Li/F2/H 2 combustion products. A number of methods have been developed

for the analysis of two-phase flow in rocket nozzles (Ref. F-1 to F-13)

and a computer program for the calculation of one-dimensional, two-phase,

reacting gas, nonequilibrium performance has recently become available

(Ref. F-S). However, because this program does not include provision for

the consideration of lithium compounds, it could not be applied to the

Li/F2/H 2 nozzle.

The method used was that of Rannie (Ref. F-l) and Marble (Ref. F-14 and

F-15), which appears to be as good as any available and which offers the

best combination of simplicity and reliability of results. This is a

linearized analysis based on a perturbation technique and is limited to

small particle sizes. It appeared to be applicable to Li/F2/H 2 combustion

because the earlier c* efficiency data (Ref. F-16) had indicated that the

particles in the combustion products were indeed quite small.

COMPUTAT IONAL METHOD

The assumptions utilized in the development of this method were as follows:

,4-,

.

2.

3.

4.

The flow is steady, one-dimensional and heterogeneous.

Interactions between particles and wall are neglected.

Interactions between particles are neglected.

Particle heat conductivity is much greater than gas heat

conductivity.

*This study was carried out by Dr. G. A. Hosack, Heat and Fluid Physics
Section, Research Division, Rocketdyne.
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5. Radiative heat transfer between particles is neglected.

6. A modified Stokes' drag law applies.

7. A semiemperical heat transfer law applies.

8. The particles are small and can be approximated by small

spheres so that a perturbation solution can be obtained.

9. The gas viscosity is a function of temperature and can be

represented by a power law.

10. The Prandtl number of the gas is constant over a wide

temperature range.

11. There is no mass transfer between the particles and the gas

(no burning) and the particle size remains constant.

12. Although distributed particle sizes may be included in

Rannie's method, this option has not been included in the

computer program developed in the present study.

The equations describing this model (Ref. F-l) are solved by a perturba-

tion method in which pressure is the independent variable. A computer

program was written to carry out the calculations*. The final result

was given as the ratio of the specific impulse that would be obtained

with the computed particle lags to that which would be produced if there

were continuous particle-gas equilibrium throughout the flow.

APPLICATION TO Li/F2/H 2 ENGINE

The computer program was used to determine the effect of particle size

variations on Li/F2/H 2 performance at the following nominal conditions:

chamber pressure of 700 psia (4.83 x 106 N/m2), F2/Li mixture ratio of

2.74, and 25-percent hydrogen. The nozzle geometry is shown in Fig. F-i.

*This program was written by P. L. Bailey, Advanced Technology Group,

Rocketdyne.
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Conventional, one-dimentional, isentropic performance calculations were

first made for the following two cases:

I

i. Full shifting equilibrium

2. No condensation of particles

The full shifting equilibrium calculations indicated that LiF condensation

begins downstream of the throat, at an expansion ratio of about 2.

The effect of particle formation on performance for each of the two cases

is shown in Fig. P-2. The upper curve represents the theoretical per-

formance obtainable if the particles condense out and maintain thermal

and velocity equilibrium with the gas. The difference between the curves,

approximately 16 Ibf/Ibm/sec (157 N/kg/sec) at expansion ratio 60, repre-

sents the theoretical loss in specific impulse if the particles do not

condense.

Actual nozzle perforuance is obtained by correcting the full shifting

theoretical specific impulse (upper curve of Fig. F-2) for the effects

of losses due to c* efficiency, nozzle divergence, boundary layer effects,

chemical kinetics, and finite particle/gas temperature and velocity lags.

A Bray freezing criterion analysis was carried out to estimate losses

resulting from chemical kinetics. It was found that the chemical compo-

sition of the flow freezes at an expansion ratio of about 30. The result-

ing change in nozzle performance from the theoretical shifting equilibrium

value at expansion ratio of 60 is negligibly small. The nozzle divergence

loss was determined from a method-of-characteristics analysis using full

shifting flow. A transonic flow analysis program was utilized to deter-

mine a starting characteristic line in the vicinity of the nozzle thr&at.

The divergence loss was found to be 0.015. The wall drag loss was

calculated to be 0.019.
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The net nozzle vacuum thrust efficiency was then:

hCF = 1 - 6di v - 6drag - 6 particles
(F-l)*

= 0.967 - 6particle s (F-2)

where 6particle s is the two-phase flow performance loss:

I
S

6particle s = 1 (Is)idea I
(F-3)

The overall vacuum specific impulse was then computed from:

1
= _ (CF) ideal (F-4)Is gc r]c* (c*)ideal "]CF

Parametric calculations were carried out to determine the two-phase flow

performance loss as a function of particle size and mass fraction of

particles in the flow. The initial gas properties were chosen as the

values for full shifting flow at the nozzle throat. Particle size was

varied from 0.5 to 10 microns, with the results shown in Fig. F-3. By

the nature of the analytical method, the values of the perturbation

parameters should remain small to render meaningful results. The compu-

tations indicated that for particle sizes greater than approximately

2 microns, the accuracy of the program declines.

A curve of vacuum specific impulse including all the above-mentioned

losses versus particle size is presented in Fig. F-4, which shows that

even for high particle loading (mass ratio up to 40 percent) the deliver-

able specific impulse is in excess of 500 lbf/lbm/sec (4900 N/kg/sec) for

particles 1 micron or less in diameter, at the nominal test conditions.

*See Appendix I for nomenclature
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The full shifting equilibrium performance calculations indicate that at

these conditions the mass fraction of LiF (liquid) particles is on the

order of S percent just downstream of the throat and increases to approxi-

mately 75 percent at an area ratio of 60. Thus, even though a large

particle/gas mass ratio exists near the nozzle exit, a much lower mass

ratio exists in _:he region immediately downstream of the throat, where

particle acceleration effects are most important (Ref. F-2). Therefore,

a value of 0.25 was chosen as an average loading factor, weighted more

heavily on the mass ratio present in the flow immediately downstream of

the throat. The experimentally determined vacuuum specific impulse at

the nominal test conditions was 509 lbf/lbm/sec (4991N/kg/sec). From

Fig. F-4, this corresponds to a particle size of 0.5 to 1.0 microns, de-

pending on the average loading factor. With such small particles, the

effect of loading factor variation between 10 and 40 percent is minor.

These results tend to confirm the earlier assumption that the mass median

diameter of the particles resulting from Li/F2/H 2 combustion is on the

order of 1 micron or less.

J
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APPENDIX G

DESIGN AND INSTALLATION OF EXHAUST DIFFUSER

INTRODUCTION

Experimental evaluation of engine performance with the bO:l area ratio

nozzle required a means of reducing nozzle back pressure by an amount

sufficient to prevent flow separation within the nozzle. This was accomp-

lished by use of an exhaust diffuser, which utilizes the momentum of the

engine exhaust products for this purpose. Note that the only requirement

in this connection is that the nozzle flow full, because if it does,

vacuum thrust may be calculated whatever the actual nozzle back pressure

may be. The simplest exhaust diffuser is a constant-diameter duct

attached to the nozzle exit; however, diffuser performance is usually

improved by incorporation of a minimum cross-sectional area ("second

throat") in the duct. Static pressure recovery in the diffuser is accomp-

lished by a progressive shock wave system, with accompanying gas decelera-

tion to subsonic velocity. Although the actual flow process in a

supersonic diffuser departs greatly from a simple normal-shock model, the

latter may be used for approximate prediction of diffuser performance.

The two factors to be considered in the design of an exhaust diffuser are

the conditions required for start (i.e., for the shock system to be es-

tablished in the diffuser) and the conditions for continued diffuser

operation after start. Generally, conditions fer starting are more strin-

gent than those for steady-state operation, so that once the diffuser is

started it will continue to operate. The maximum nozzle expansion ratio

which can be accommodated by a given diffuser is a function of the pres-

sure ratio (chamber to ambient) and of the specific heat ratio (y) of the

exhaust gas. The higher the pressure ratio (at constant y) the larger

the expansion ratio that may be used, and the lower the y (at constant

pressure ratio) the larger the usable expansion ratio.
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With a diffuser consisting of a constant-area duct (L/D > 8), the experi-

mental data in Ref. G-1 may be combined with normal shock calculations to

provide an indication of the maximum expansion ratio that may be accommo-

dated. This is shown for Li/F2/H 2 in Fig. G-1 as a function of chamber

pressure and percent H 2. For a constant-area diffuser, minimum starting

and operating pressure ratios are the same.

A second-throat diffuser theoretically requires the same starting pressure

ratio as a constant-area diffuser of the same diameter, but has a lower

operating pressure ratio. However, substantial experimental evidence

(e.g., Ref. G-I) indicates that not only is the starting pressure ratio

of a second-throat diffuser generally lower than that of a corresponding

constant-area duct, but also that the starting and operating conditions

of the former may be nearly equal to each other. The operational charac-

teristics of a second-throat diffuser are more difficult to predict than

those of a constant-area duct, and are sensitive to seemingly minor de-

sign changes. Figure G-2 shows the estimated maximum expansion ratios

that could be accommodated by a "standard" second-throat diffuser (Ref.

G-l) at the indicated Li/F2/H 2 test conditions. For conservative design,

allowance should be made for higher starting than operating pressure

ratios, as shown.

DIFFUSER DESIGN

The tripropellant test conditions under which the exhaust diffuser would

be operated required that it start at the 20-percent H 2 level, with mini-

mum chamber pressure of 650 psia (4.48 x 106 N/m2), then continue to

operate through the 25- and 35-percent H 2 levels. The curves in Fig. G-2

show that this is well within the capability of a second-throat diffuser.

Given the general type of diffuser to be used (such as a second-throat

system), the required specific dimensions of the unit are derived not

only from available experimental data (e.g., Ref. G-I and G-2) but also
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from operating experience obtained with similar systems under comparable

test conditions. The diffuser design specified for the altitude simulation

firings is shown in Fig. G-3. It differed from more conventional second-

throat diffusers in that no divergent cone was used at the exit and the

length of the throat was 7 diameters instead of the customary 10 diameters.

Also, the diameters of the plenum section (upstream of the convergence)

and of the throat were slightly larger than usual, to permit more rapid

pump-down of the plenum and to "loosen" the geometric restriction near

the nozzle exit. Diffuser material was type 1020 carbon steel; its wall

thickness was 0.375 inch (9.5 mm) along the entire length.

Estimated inside wall temperatures of the diffuser at the end of a 6-

second tripropellant fi_ing were 400 F (480 K) at the entrance, 520 F

(540 K) at the start of the cylindrical throat, and 1020 F (820 K) near

the exit, where wall pressure rises to ambient values. No specific de-

sign provision was made for diffuser cooling. In actual use, water from

two perforated circumferential pipes around the diffuser was sprayed

over the exit region.

DIFFUSER INSTALLATION

Mounting and Support

For reliable and reproducible thrust calibrations and measurements in

the altitude simulation tests, it was essential that the diffuser be

fixed. Further, in addition to a support structure which prevented dif-

fuser movement, provision had to be made for thermal expansion of the

diffuser during testing. A schematic of the diffuser mounting and sup-

l_rt structure is shown in Fig. G-4. The structural base consisted of

three 15-inch (38-cau) I-beams buried to floor level in 24 inches (61 cm)

c,f concrete. The eight channel supports of the diffuser were joined to

4-inch (10-cm) angles welded to the underlying I-beams. Lateral
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solidity was provided by an additional side channel near the diffuser

inlet, as shown in Fig. G-4. Thermal growth of the diffuser was permitted

by supporting the exit end in a clevis mount, as sketcheJ.

Nozzle-Diffuser Junction

A stainless-steel bellows* was used to join the nozzle to the diffuser.

One end of the bellows was welded to the flange on the nozzle skirt and

the other end was bolted to the diffuser inlet. A thin, stainless-steel

liner inside the bellows protected the convolutions from recirculating

exhaust gases. The diffuser was positioned in such a way that the S-inch

(12.7 cm) bellows was compressed to 4.7 inches [11.9 cm) when the engine/

diffuser system was assembled. In this way, the bellows was in compres-

sion throughout the calibration and test procedures. The bellows spring

rate (35 lb/in., 61N/cm) was low enough so that the compressive force

change during firing was completely negligible.

DIFFUSER FUNCTIONING

No diffuser operational problems or difficulties were encountered in the

altitude simulation firings. When the gas generator alone was firing,

before and after lithium flow, at chamber pressure of approximately 500

psia (3.45 x 106 "N/m2), the nozzle did not quite flow full. This marginal

situation is indicated by the nozzle pressure curves in Pig. G-2. As

soon as lithium flow began, however, and the chamber pressure increased,

there was immediate full flow in the nozzle.

External wall temperatures of the diffuser were monitored at three points

along its length during every firing. As predicted, the highest tempera-

ture was near the exit, reaching approxi_tely 700 P (650 K) at the end

of the test when water was sprayed over this region and about 850 F

(730 K) without the water spray.

_ardner Bellows Corp., Van Nuys, C_lifornia, 91405
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APPENDIX H

SPECIFIC IMPULSE EFFICIENCIES OF TASK II TEST FIRINGS

The primary objective of the test firings carried out in Task II was the

measurement of chamber and nozzle heat flux. tlowever, I efficienciess
for the 10:1 expansion ratio nozzle (Fig. 35) were also determined in

these tests, for use in the calculation of thrust based on nozzle pres-

sure profiles in the Task III altitude simulation firings (Appendix C)

and for comparison with data obtained with the 60:1 nozzle. For con-

venience, these results are summarized in Table H-I. As pointed out in

the body of this report, chamber pressures in two of the firings were

estimated from measurements of gas generator pressures, because of plugging

of the chamber pressure taps by condensed solids. These values are en-

closed in parentheses in Table H-I.
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APPENDIX I

NOHENCLATURE

A

A

A
e

At

(At) eff

2
local cross-sectional area of flow, in.

= applicable area for heat flux, in. 2 (cm 2)

= area of nozzle exit, in. 2 (cm 2)

= measured geometric throat area, in. 2 (cm2)

2
= effective thermodynamic throat area, in.

(cm2) (Eq. 4)

(cm 2)

= bias error estimate (Appendix B)

C _ = characteristic velocity, ft/sec (n/sec)

(c*)theo = theoretical c* based on shifting equilibrium, ft/sec (m/sec)

(C*)ob s = observed, uncorrected characteristlc velocity, ft/sec (m/sec)

= constant (Eq. I)

CF = thrust coefficient

CL

C
P

= specific heat of liquid phase, B/Ibm/R (J/kg/K) (Eq. 6)

C
V

= specific heat at constant pressure, B/lbm/R (J/kg/K)

• coefficient of variation

= dimnetex of passage or orifice, in. (cm_

VG = diameter of gas jet, in. (cm)

DL • diameter of liquid stream, in. (cn)

• dxaneter of liquid stream, in. (only) (Eq. I)

Dt = diameter of nozzle throat, in. (cm)

D30

fp

= vohme mean diameter of liquid droplets in a spray field, microns

• factor correcting observed static pressure to throat
stagnation pressure

fTR • factor correcting for change in throat radius
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9

n

T

_DIS

fFR

fill

fTOTAL

F

Fatm

Fdi ff

Flc

F
vac

g

gc

h

h
C

h
g

I
g

(Is)de I

= factor correcting throat area for effective discharge coefficient

= factor correcting measured chamber pressure for frictional drag
of combustion gases at chamber wall

= factor correcting measured chamber pressure for heat losses from
combustion gases to chamber wall

= total correction applicable to measured characteristic velocity

= thrust, lbf (N)

= thrust due to atmospheric pressure, lbf (N)

= thrust due to diffuser pressure, lbf (N)

= thrust measured on load cell, ibf {N)

= measured thrust corrected to vacuum conditions, lbf (N)

• local acceleration, ft/sec Z (m/sec 2) {Used in Eq. 6)

= conversion factor (52.174 Ibm-ft/Ibf-sec 2, 1.00 kg-m/N-sec 2)

= heat transfer coefficient, B/in.2/sec/R (W/m2/K)

= coolant-side heat transfer coefficient, B/in.2/sec/R (W/m2/K)

= gas-side heat transfer coefficient, B/in.2/sec/R (W/m2/K)

= specific impulse, lbf/lbm/sec (N/kg/sec)

= deliverable specific impulse, lbf/lbm/sec (N/kg/sec)

(Is)thee = theoretical specific impulse based on shifting equilibrium
Ibf/Ibm/sec (N/kg/sec)

k = thermal conductivity, B/in./sec/R (J/m/sec/K)

k L = theraml conductivity of liquid, B/in./sec/R (J/m/sec/K)

K • venturi meter calibration factor (Eq. 7)

KI,K2,K 3 • constants (Appendix B)

m - mean value of a set of measurements (Appendix B)

M® • free-stream Mach number

MR • mixture ratio

Nu • Nusselt number

P - pressure, Ibflin. 2 (N/m 2)
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P

P
a

P
arm

P
C

(Pc)o

Pdiff

Pr

= ambient pressure, lbf/in. 2 (N/m 2)

2
= atmospheric pressure, lbf/in. (N/m')

= chamber pressure, lbf/in. 2 (S/m 2)

= stagnation pressure at nozzle throat, lbf/in. _ (N/m')

2 _
= diffuser pressure, lbf/in. (N/m')

= Prandtl number

Q

Q/A

= rate of heat flow, B/sec (W)

= heat flux, B/in.2/sec (W/m2)

Qtotal

r
c

Re

= total rate of heat loss, B/sec (W)

= throat radius of curvature, in. (cm)

= Reynolds number

aT
S

t

T

= recovery factor

= precision error estimate (Appendix B)

= time, sec

= temperature, R (K)

T
avg

T
aw

Tb

T
O

T
S

-p

• theo

Tw

T
WC

T
wg

ATb

U

= average temperature, R (K_

= adiabatic wall temperature, R (K)

= inlet bulk temperature, R (K)

= stagnation temperature, R (K)

= saturation temperature, R (K)

= theoretical temperature, R (K)

= wall temperature, R (K)

= coolant-side wall temperature, R (K)

= gas-side _all temperature, R (K)

change in bulk temperature, R (K)

• uncertainty estimate (Appendix B)

VG = velocity of gas jet, ft/sec (m/sec)
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V L

\
AV

_G

_L

_T

x

X
P

= velocity of gas jet, ft/sec (only) (Eq. I)

= velocity of liquid stream, ft/sec (m/sec)

= velocity of liquid stream, ft/sec (only) (Eqo i)

= relative gas-liquid velocity, ft/sec (m/sec)

= mass flowrate, lbm/sec (kg/sec)

= flowrate of gas, lbm/sec (kg/sec)

= flowrate of liquid, Ibm/sec (kg/sec)

= total propellant flowrate, lbm/sec (kg/sec)

= length, in. (cm)

= penetration of liquid stream into gas jet, in. (cm)

Y

6div

_drag

6particles

C

C
C

[qc'] P
C

[nc*] F

CF

n I
S

kL

230

= nozzle divergence half angle, degrees

= ratio of specific heats

= divergence loss, percent (Appendix F}

= drag loss, percent (Appendix F)

= two-phase flow performance loss, percent (Appendix F)

= expansion ratio

= contraction ratio

= c* efficiency based on chamber pressure, percent

= c* efficiency based on thrust, percent

= thrust coefficient efficiency, percent

= specific impulse efficiency, percent

= angle between liquid stream and injector face, degrees

= heat of vaporization, S/lbm (J/kg)

- viscosity, lbm/ft/se¢ (kg/a/sec)

= liquid viscosity, lbm/ft/ss¢ (kg/s/sec)



p

PG

0 L

Pv

c_

_B

° L

q_

_FR

_DIV

m
TOTAL

= density, Ibm/ft 3 (kg/m 3)

= gas density, Ibm/ft 3 (kg/m 3)

= liquid density, lbm/ft 3 (kg/m 3)

= vapor density, lbm/ft 3 (kg/m 3)

= standard deviation

= dimensionless factor accounting for property variations
across boundary layer (Eq. 4)

= liquid surface tension, lbf/ft (N/m)

[i 3 (WL/'WG)]1/3
= [1+ (WL/_G_'3J (Used in Eq. 2)

= correction for frictional losses

-- correction for nozzle divergence

= correction for heat losses to chamber and nozzle walls

= total correction applicable to measured thrust
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